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THE MANUFACTURE OF OPTICAL GLASS AND 
OF OPTICAL SYSTEMS. 

A WAR-TIME PROBLEM 


Chapter 1. 

INTRODUCTION. 


War luiH hern callocl a (‘ontoBl. of brains and brawn. Among the 
anciontH omphaHiH was phu’C'd on brawn, on individual prowess and 
skill; but with the jjassing eenturioH and the development of seience 
and teehnology, (he engineering side of warfare has gradually gained 
the aseendeiwy. At the present time much of warfare is applied 
engineering. In the re<a‘nt war (lennany had in this respect a great 
advantage because many of its .scientists and t<‘chnical industrial 
forces had been engaged f<jr yeni's before tlu' war in the design and 
mamifacture of war matf'riel. whereas no efforts of like magnitude 
had )>een put forth by the alli(*K. In certain branches of industry, 
moreover, the (Jermans had ('stablislusi pructi(‘ally a world monopoly. 

In iruhistries of a highly (eclmical nature, such us the chemical 
dye industry anti the (Optical glass and instrument industry, the 
(lermans hatl establishetl such effective control that at the beginning 
of the war we were seriously embarrassed because we did not manu- 
facture these commodities, and did not know how to make them. 
The (termans had been at the task for more than a (juarter century 
and luul tieveloped a peiwumel trained and competent for the tasks. 
Their best Hcientists and engineers luul originated and folhjwed 
through (lie factory pna’csses and were tluu'oughly familiar with 
them: willi us it was a serious {(ueslion whether W'c w'tnihl be able to * 
accomplish anything adiapiate in time to be of service on (he field of 
battle. The records show that in the short period of It) months, W(» 
did aeeompUsh much to ovcuUnk** the <leeades of (termnn experienee. 
In certain instances, as in optieal glass and instrunumts, then* has 
been develtiped in this country an indtjstry which more than sufliees 
f(»r our owri nt*ed.H and whi(’h will rentier us independent of lOnropt* 
if we HO desire. 

What i.H optical glass and what is its connection with mo<l(*rn war- 
fare? At the lime of the (’ivil War it w'ns iu»t used to any extent 
and why shouhl it now have become such a vital necessity ? These 
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questions are best answered by a comparison of the C ivil ^^'ai meth- 
ods of artillery warfare with those of the present time. 

During the Civil War artillery was used extensively by both sides 
and, judged by the standards of that period, was effective and served 
the purpose well; but, had the same sort of artillery been employed 
in the recent European war, it would have been of little value, and, 
in many instances, a positive hindrance to the troops in the field. 

The cannon of the Civil War were, for the most part, of cast iron 
and smooth bore, and were loaded at the muzzle. Sphe.ri(‘al cast- 
iron projectiles weighing 6 pounds, 12 pounds, and up U> 42 pounds, 
were used effectively at ranges between one-half mile and 1 mile; 
shrapnel or spherical case shot between 500 and SOO yards; grape 
and cannister shot for less distances even down to 150 yards. High- 
explosive and gas shells were unknown. The cannon were fired 
point blank at the visible enemy. Both direct and ricochet, firing 
were employed; indirect firing against an invisibl(‘. target, whie.h 
plays such an important r6le in modern artillery practice, was un- 
known. Distances were estimated by the eye and by observing the 
fall of projectiles. Range-finding devices were considcnul to be of 
little value and were not employed. 

The guns were pointed by means of open nustal sights aldae.hed 
directly to the cannon harrel; the sight resemhled in many respects 
the sights on the modern rifle. The gunner pointed the gun by 
looking through a peephole in the roar sight and aligning the front 
sight near the muzzle of the gun with the target. After having 
leveled the gun by a simple spirit level, obtained the line of sight 
and estimated the distance to the target, the gunner elevated his 
cannon to the proper angle, which he measured by means of a gunner’s 
quadrant that consisted essentially of a wooden frame with plumb 
line and bob combined with a graduated circle, or by means of a 
graduated vertical bar on which the peep sight was arrangcul to 
move. 

Optical instruments for the direction and control of firing were 
unknown in the Civil War and would have served little purpose with 
'the ordnance then available. During the i)aHt half century, however, 
artillery construction and practice have developed at an unpreec*- 
dented rate. The power and precision of the guns have been in- 
creased to the extent that at the present time relatively small targed-s 
maybe successfully attacked at ranges up to 4(),()()() and ()(),()()() yards. 
Most of the firing by modern artillery is directed at objects either 
below the horizon or hidden by intervening obstacles and hernu* not 
visible to the gunner, but whose positions have been accurately located 
on the map, either by land or aerial reconnaissance. Firing under 
these conditions becomes an engineering problem and the method 
of instrumental aim known as indirect fire eont.rol iw Amnfnvwrl 



fire-control TNSTRlTMRNTa. 


This method requires the use of surveying instrumenta and servea to 
determine the line of sight and the distance to the target with refer- 
ence to fixed points that are visible to the battery. Thi.s method is 
used not only in firing at hidden targets located tnilcH awa^v. but also 
inlaying down a barrage, or deluge of missies, in front of an advancing 
line of troops, thus clearing the way for them and preventing counter- 
attacks by the enemy. 

The essential difference between the old and the m‘W artillery 
practice is one of distance and degree of precision attainetl. At tin* 
time of the Civil War the artillery was fired point blank in the general 
direction of the enemy, and tlnv effort was made to overwhelm him 
with shots at elose range. The gunners sighted their fiehlpieces 
hastily and banged away, trusting to hit some vital .spot. Mmlerii 
artillery is concerned chiefly with much longer ranges and the aiming 
must bo accurate, otherwise the target is missed altogether. Ihin 
degree of accuracy is attainable only l>y means of tqitieal instrumentH 
of high precision'which serve both as observational instruments for 
detecting details of distant objects, noting the accuracy of tin* firing, 
and as surveying instruments for measuring anglt‘s correctly. 'I hese 
instruments are not only exact hut al.so Huflici(‘ntly rugged to with- 
stand the violent concussion of rapid artillery fire, 'rhe French 
75-millimoter gun, for example, which proved so clfeclive in the late 
war, has a range of 8,300 yards, and can he fired at (lu* ruli* nf 30 shotH 
per minute, as against the 2 shots per minute of tin* ('ivd V\nr. 'I'he 
gun, moreover, is an instrument of high jireei.siou ami tin* hIuUh ran be 
placed by the gunner practically wIktc he wants (hem. 'rhe best 
breech-loading musket rifle, in (Hvil War days could he linnl HI times 
per minute as against (100 shots per minute by a modern niiichine gun. 

The gunner of to-day who is not equipped with prtqw'r fire-conlrid 
apparatus is almost helpless in the pre.senee of the enemy : he ran 
not see to aim properly without the.se aids and his firing serven little 
purpose. The effectiveness of modern artillery and. with it. that of 
the active army in the field, depends to a large e.xtent on the quality 
and the quantity of its lire-eonlrol eipiipment. Thts m only one a 
number of the fundamental requisites of the complex army of tit-day. 
Yesterday many of the essentiulH of lit-day were unkntmn. niid yet, 
when war comes upon us, we ean not fight the war of to day with the 
tools of yesterday, nor, unfortunately, the war i»f t<t-morrow with the 
tools of to-day. Tlie fundamental prineipleH of warfare and roinhat 
remain ever the same; Init the metlmtls ami means of attaining llie 
ends desired are in a state of constant changi* and flux. It helioovei^ 
us, therefore, to keep in loucli with modern ilevelopmentji. ihtii, 
when a crisis comes, we may know' definitely what in rec|uired «ml 
also what is not essential. Had this been tlone during pwi year* 
this country woald have saved vast sums of money, and much 



effort would have been avoided. Production uruler cmerKcncv ('on« 
ditions is always expensive. 

The lessons to he learned from our recent experiences along these 
lines are so obvious that comment is unnecessary. Such lesstms are 
soon forgotten by the country at large. It is, however, esstnitial 
that a written record bo made of the war-time deveh»pnient (d certain 
of the manufacturing problems as they confruntetl us and were 
solved. The record may serve a useful purpose and be of value in 
case of a future emergency. 

The present report seeks to outline, in a general way, some' of the 
factors which we encount<‘red in the nuumfacture of optical glass 
and of lenses and pri.srns for fire-control and ob.servntional in.stru" 
ments for the Army and Navy. The prescmtation is necessarily 
general in character, ernpha.sis being placed on underlying principlcM 
rather than on details. The rep(»rl presents in sub.stnnct' the exp«‘« 
rience of the writer, who, with fellow .scientists, entju'cd as strai>g(‘r.s 
into a new branch of endeavor to .solve certain prttbltuh.s of a ti'ch- 
nical nature. Between the lines of the written record may be read 
many interesting experiences for the scientist in technical wt»rk 
and the gradual change in the attitude of practical fatUory num 
toward him. In all proldems of high precision, whether technical 
or laboratory, the scientifically trained observer, who has learned to 
appreciate the factors essential to the attainment of high jirecision 
and is competent to control these factoi's, is al)le tt» uiulertake the job 
with better ehance of success than the rtdc-of-thumh man of the 
shop who has the factory experienee, Imt lacks the necessary training 
with which to meet new and radically diffcn'nt prohhmis pn*cipi(atcd 
by war. In war-time organizations as in peacc-tinu' organizations the 
question of competent personnel is always tlu' fundamental fa«'tor 
and the most diflieult to meet .satisfactorily. 'I’lie experience of tlic 
recent war proved thi.s .statement time and again, and demonstrated 
the need for a closer and more effective touch lauween the Army and 
Navy and the .scientific as well as the mnnufncturing forcs's of (he 
country. 

TIIK MANlIFAC’TtmiNU I'HOUI.KM. 

At the time of the entrance of the United States into tlu* war, the 
methods and instruments of indirect artillery fire were already urn- 
versally employed on the battle fronts and our troops htul to he 
supplied with these instruments if they were to eomhut the enemy 
successfully. We were brought, in .short, face to face with mun'v 
technical manufacturing problems winch had to h(‘ sidved and plaisnl 
on a production basis quickly if our Armv and Nnvv were to get 
what they wanted when they needed it. ‘Many of tiiesc prohlctuH 
arose because manufacturers before the war had been accustomed 



to import supplies of this nature from Europe, especially Germany, 
and had never felt the need for developing the manufacturing proc- 
esses in their own plants. vSuch development meant large expense 
and it was easier and cheaper to place an order for the. commodity 
in Germany. This applied especially to highly technical products, 
such as dyes and opti(*.al gla.ss. 

Military fire-control apparatus includes instruments of high pre- 
cision, and, as one of the integral parts of such instruments, optical 
glass must measure up to the same standanls of high precision. ITpon 
it the (luulity of the image, formed and the precision of each setting 
of the sighting instrument is dependent. The lens designer computes 
the shapes and positions of the several different lenses anti prisms in 
an optical instrument and arranges them along the line of sight in 
such a way that the particular and inevitable defects, or aberrations, 
are reduced to a minimum. The tlegree to which these aberrations 
can be made negligible depends in large measure on (he kinds and 
(piality of glass available to the designer. It is important, therefore, 
that the (piality of tlie glass he of the best and that a sufficient 
number of differcml glass types he at hand. 

Before the war tlu' optical industry in this country was in the 
hands of a few (inns. Sf'veral of these were tinder German influence 
and one firm was dirctdly afliliated with the largest manufacturer of 
optical instruments in Germany; the workmen wt*re largely Germans 
or of German origin; the kinds and design of apparatus produced 
were for (he most part essentially European in eharat'ter; optical 
glass was procured t'ntirtdy from ahroutl ami chiefly from Germany. 
Educational end rcst'arch instittitions obtained a large part of their 
equifunent from Gernvany and offeretl no special inducement for 
American manufacturers to provide such apparatus. I)uty-fn‘c im- 
portation favort'd jiml encouraged this dependence on Germany for 
Hcientifie apparatus. 

With our deelaration of war the European .sources of supply for 
optical glass and ftir optical instruments were cut off abruptly. 
Even before our entry into the war ami ('sperially after hostilities 
began in 1914, mamifacturers of optical instruments reali’^ed that 
the European supply of optical glass might he stopped and they 
began experiments on its manufacture. In IU12 the Bauseh ^ laimh 
Optical (- 0 ., of Rochester, N. Y; in 1914 (he Bureau of Standards 
at Pittsburgh, Pa.; in UHT) the Keutfel & Esser ('o., of Hoboken, 
N. J., and the Pittsburgh Plate Glass Go., of Pittsburgh, Pa,; in 1916 
the Spencer Lens (’o., of BufTnlo. N. Y,, started work and produced 
some optical glass of fair tiunlity. The quality of gla.ss obtained was 
not, however, entirely satisfnetory and by the time we entered the w'ar, 
the shortage of optical glass of liigh (piality was so serious that unless 
something were dune speedily to relieve the situation, the Army and 
Navy would not be (Hpiipped with the necessary optical instruments. 
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Such was the situation in April, 1917. The fundamental item ^ 
fire-control instruments, optical glass, had not been produced 
factorily in quantity in this country. The methods for its 
facture on a large scale had still to be developed. After the supply ^ 
optical glass had been assured the manufacturing capacity for ^ 

cision optics had to be increased to a scale commensurate with 
needs, and finally the design of new instruments required prop*^^ 
supervision with reference both to ultimate field use and to speed 
production. _ 

In this emergency the Government through the Council of Nation*^ 
Defense appealed to the Geophysical Laboratory of the Carnot* ^ 
Institution of Washington for assistance in the manufacture 
optical glass. This research laboratory had been engaged for maX^D^ 
years in the study of silicate solutions, similar to optical glass, 
high temperatures, and had. a corps of scientists trained along tlxC* 
lines essential to the successful production of optical glass. It 
the only organization in the country with a personnel adequate axxci 
competent to render aid in a manufacturing problem of this characfc^^** 
and magnitude. Obviously the best plan was to cooperate wibdx 
manufacturers who had had some experience along these lines. 

In order to ascertain the attitude of one of the manufacturers tlxo 
writer visited on April 4, 1917, the Bausch & Lomb Optical Co., and 
found them willing to cooperate. Accordingly, when the requeBb 
from the Government for aid was made shortly after war wciB 
declared, a group of scientists, with the writer in charge, went frojno. 
the Geophysical Laboratory on April 27 to the Rochester plant and 
began work. Its men were gradually assigned to the different facto iry 
operations and made responsible for them. At this plant much of 
the pioneer development work was accomplished. The methods of 
manufacture on a large scale were here developed and placed on. fx 
production basis. Drs. Day, Allen, Bowen, Fenner, Hostettex*, 
Lombard, Ferguson, Washington, Hall, Merwin, Morey, and Ander'— 
sen were with us for longer or shorter periods of time to May, 191 H. 
At the Geophysical Laboratory special problems were attacked 
Drs. Allen, Zies, Posnjak, Bichowsky, Merwin, White, RobertH, 
Andersen, Adams, and Williamson. To the director of the laborii.— 
tory, Dr. A. L. Day, fell the general executive problems involvirijp^ 
laboratory personnel and the several phases of their activity ir\ 
connection especially with the sources and transportation of suitable^ 
raw materials and of fuel. He was also instrumental in securing tlxo 
cooperation of outside firms to undertake special jobs essential to 
the successful manufacture of optical glass. ^ 

1 For a detailed account of this important part of the task see the paper by A. L. Day on " Optical glan^s 
and its future as an American industry,” J. Franklin Institute 190, 453-472, 19M. See also Chapter VI I 
by Harrison E. Howe on “ Optical glass for war needs” in the book The New World of Science, edited l>y 
R. M. Yerkes and published by the Century Co. New York, 1920. 
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Ah a niaiicr of nn'ord, ostablishinj]; tlic connoction of Ordnance 
Department, with thi.s taHk, it may he noted that in April, 1917, the 
writer received bin captain’s comniiaHion in the Engineer RcHervc 
(lorps; hxit, at the rexpicHt of officers in the Ordnance Department, 
was transferred to the Ordnance Department. This direct connec- 
tion with the Army aided tlie solution of the prohlem of glass manu- 
facture in many ways. War-time experience has proved that direct 
Army and Navy connection with teclmical problems of this natxire 
is invaluable. Under war conditions the court of last appeal is the 
Army and the Navy; in situations which arise recpiiring prompt and 
effective action it is useful to liave this lever available, even though 
it may not he necessary to employ it. 

Military optical instruments are for the most part telescopes; for 
their satisfactory design experience lias shown that from three to 
five different types of optical glass sufliee. The ])rohlem before us 
was essentially one of high-speed, ((uantity {xroduction of a relatively 
small number of glass types. We were not concerned with the 
development of new types of optical glass, hut rather with the manu- 
facture of only a f(‘w kinds, such as xu'ditvary crown, horosilicate 
crown, light and dense* barium crown, light and dense flint. Our 
task was to r('produ<‘(* in this country glassc's of standard type w'hic.h 
had long hc'i'n produced in Europe, d'hc European methods of 
manufacture of tlu'st* glasse's, however, w('n* not adeepiately knowti, 
and a large part of our time was devoted to the study atid de'velop- 
ment of manufacturing processes which eventually enabled us to 
produce sutlicieiit (piantilie's of t)ptical glass of high eiuality. 'I'he 
prohh'Ui hefon* us, altiiough esse'.nt ially a re'search prohlem, differed 
materially from ordinary research prohh'ms in tliat the properties 
of the final prodmd wen* known in <ietail. After the manufacturing 
diflieulties in connection with this prohlem had been overcome atten- 
tion might W(‘ll hav(* he{*n (h'voted to the development and manufac- 
ttirt* of lU'W types <if optical glasses; hut at that time the need for 
greater manufacturing capacity hu* t»ptical instruments was h(» great 
that this phase* of the* situation demanded immediate attention. 

Our first efforts at the Hausch A Lt)mh plant in April and May, 
1917, were devoted to n study of the gla.ss-making process and of the 
aeveral factors ieivolved. At the factory we had the hearty coopera- 
tion of Mr. William Bau.sch, (o whom credit is due for having started 
the glass plant in 1912, and of Mr. Vic(t»r Martin, a praetieal Belgian 
ghiHsmaker, wiio had placj‘<i the plant on a running luisis and had 
prodtieed, ev(*n in 1912, some optical glass of fair (pinlity. Otir task 
was to Imild tjp on Mr. Martin’s e.\peri(‘nc(* and to introduce into the 
manufacturing (jrtx’e.ss tin* element of high prt'cision ami control 
which were not snflieiently recognized, but which were essential to 
the manufacture of optical glass of uniformly high cpiality. Our task 



but ratner tne modmcation oi existing processes as practicea at tne 
plant so as to obtain satisfactory optical glass in large quantities. 

The search for raw materials of adequate chemical purity in ton 
lots, the preparation and mixing of the batches, the control of the 
melting furnaces, of the pot arches, and of the annealing ovens; the 
stirring of the molten glass; the inspection of the product at the 
several stages; these and other problems had to be studied in detail 
and in each case exact information gained regarding the best practice 
to be followed. Soon after our arrival at the plant it was the writer’s 
good fortune to deduce, as a result of a statistical study of the existing 
chemical analysis of optical glasses, certain relations which enabled 
us to write down at once the batch-composition for glasses of desired 
optical constants, especially in the flint series. This deduction freed 
our minds of the uncertainty regarding our ability to reproduce 
optical glasses of standard types, the batches of which were held 
secret by glass makers. Indirectly it had a much more important 
effect because it changed the attitude of the factory men toward us ; 
they realized at once that the cut-and-try method, by which, their 
few batch formulas had been obtained, was superseded by a more 
direct method of attack which gave us control over whole series of 
glasses rather than over a few isolated members of a series. Addi- 
tional studies and analyses made at the Geophysical Laboratory have 
borne out the conclusions deduced from these preliminary studies. 

The literature on the details of optical glass making is scant, and 
the processes have heretofore been 'considered secret and have been 
closely guarded. The problem before us was one of intense interest 
and great importance and we soon realized that what was most 
needed was precision control over all the steps in the manufacturing 
process. This was emphasized by the writer in Report No. 1, for 
the week ending May 5, 1917, and in many of the succeeding reports. 
Reports were prepared weekly on the progress made at the plant, 
and will be referred to hereafter simply by date and number. 

By November, 1917, the manufacturing processes at the Bausch 
& Lomb plant had been developed, mastered, and placed on a pro- 
duction basis. Large quantities of optical glass of good quality 
were being produced. In December, 1917, the work was extended 
and men from the Geophysical Laboratory, who had been connected 
with the pioneer w6rk at Rochester, took practical charge of the 
plants of the Spencer Lens Co. and of the Pittsburgh Plate Glass Co. 
At the Spencer lens plant Dr. C. N. Fenner produced excellent optical 
glass from the start and was very successful in placing the plant on 
a production basis and in extending its capacity manyfold. He 
was assisted at different times by Drs. Allen, Andersen, Bowen, 
Morey, and Zies, of the Geophysical Laboratory. In July, 1918, 
Dr. Morey relieved Dr. Fenner. At the Pittsburgh works Dr! 



In (luH Uisk ho w«h UHsisIod hy DrH. An(l(*rson, Adainn, Bowon, 
Loinljurd, Moroy, linhorlH, For^iimm, Williarnson, and Wright, of tho 
(lOophynioHl LHlumiiory ; hy Monwa. Taylor, Bloiiiingor, and Kiohh, (»f 
(ho Buroau of StnndardM; and by tho Htaff of (ho Pi((sbnrgh Plato 
(ilaHM ('o. In (ho oonrao of aoino inonthH the* organiyadion wan 
acoomplinhod. Much orodit in duo to thoHO mon for (ho huo<'ohh 
attainod. 

TlioHo dotnilH aro givon hooaUHo (hoy ahow how a highly (oohnioal 
prohlojn of thia kind wan attaokod undor war-linio (‘onditioiw and 
Holvod HUoooHHfuIly. Tho rooorda show that at (hoso (hroo plants 
npproxiinatoly 95 por ooiit of all tho optical glass luanufacturod in 
this country during tho war w'ns produced. 

In addition to tho foregoing plants, optical glass was in ado by 
tho Kiudfol A lOsHt'r (’o, in (juantitios sulllciont to supply their own 
noods. Much credit is duo Mr. (’arl Kouirol, who, on his own initia» 
live aiul before wo ontorod tho war, oroctod a glass-molting furnace, 
made suit able pots, and produced some glass of good ([uality without 
outside help. 

Small (junntitioH of optical glass wore also made in furnaces at 
tho Buroati of Slaiularcls at Pittsburgh, Dr. Bh*iningor dov«*lopod 
at this plant a ptuirod, porcolaiidiko crucible which proved to lie 
satisfactory for use with tho dense barium (‘rown molts that attack 
ordinary clay p(Us vigormisly, 

d'hnM* otlu'r linns, (he lln/a'l-Atlas (Bass (5>., at Washington, Pa.; 
the PHrr”I/owrey (iIhhs Do., of Baltimore’, and tho II. (\ Fry Fo., of 
Pittsburgh, Pn,, experimented on tho manufacture of optical glass, 
but difl not roach tho stage of (puintity production. 

In the Holution of tho optical glass problem, the expense incurred 
by the (loophysical Laboratory as a V(»lun(ary contribution to tho 
(im'ornmont amounted t«t about 1200, 990: at no time during tho war 
(jr after, did the (loopbysical Laboratory napiost or receive any money 
frcuu tlu' (hivernnumt for those (»r other ('Xpenditures; but the results 
altainetl justilied the ex[)endi(ure.s. 'This (‘ould not have boon done, 
however, without tho hearty coojioration of the manufaoturoro, of tho 
Army, especially of the Army Drdnauco Dejiartmont, and of the War 
Industrn'H Boartl. The Bunmu of Standards aided in the development 
of a chemienlly and thoroughly resistant eruoihle in which to iindt op- 
tical gluHs; also in the' testing of optical glass and especially in the test- 
ing of optical inHtnmu'nts. The rnited State's (leological Survey aided 
in locating Hotire’cs of raw materials, such as sand, of ndeciuate purity. 

The general situatiem may he summariiceel l)y stating that when 
wo entered the war we not only lacked a supply of optical glass, but 
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we lacked inforination regarding the processes of its manufacture. 
We had little knowledge of the quality and sources of supply of the 
raw materials required. We lacked manufacturing capacity and a 
trained personnel to Handle the problems. The problems to be solved 
required the cooperation and working together of many diverse 
elements; it was a constant source of inspiration for us to witness the 
whole-hearted spirit of cooperation of the manufacturers in this con- 
nection and especially of those manufacturers who were not directly 
concerned with the final product. The quantity production of a 
few standard types of optical glass of usable quality was our goal 
rather than the development of new and highly perfect types of optical 
glass. There is still room for improvement in many details; but the 
manufacturing processes are known; there are no secrets and the 
manufacture of optical glass has become one of factory routine. It 
is with satisfaction that all those who have contributed to this result 
may look and realize that one more commodity has been added to 
the list of commodities made in this country. This was accom- 
plished, howeverj under high pressure and at large expense, part of 
which might have been saved had the problem been attacked 
under peace-time conditions. 

The records show that there were produced in this country between 
April, 1917, and November, 1918, over 600,000 pounds of usable 
optical glass. Not all of this glass was of the best quality, but it 
was satisfactory for low-power optical instruments, and some of the 
product was of the highest quality, equal to the best European glass. 
On an average its quality was fair and satisfactory for war-time 
purposes. Six different types of glass were manufactured: Ordinary 
crown, borosilicate crown, barium crown, dense barium crown, light 
flint, and dense flint. The total monthly production statistics are 
listed in Table 1, and. presented graphically in figure 1. 


Table I. Estimated total pToduction, in pounds, of usable optical glass {A and B 
quality) in the United States from April, 1917, to November, 1918. 


1 . 

Pounds. 

April 

. . . 2, 850 

May 

. - - 4, 600 

June 

. . . 6, 500 

July 

- . - 4. 800 

August 

- . - 4, 800 

September 

- . . 10, 775 

October 

. . - 15, 645 

November 

- - - 30, 499 

December , . . 

- - - 42, 451 i 

Total for year 

. . . 122, 920 1 


Potmls. 

January 36, 965 

February 41, 138 

March 41,842 

April 24,363 

May 43,397 

bine 69,328 

July 55,355 

August 71,469 

September 07, 74i 

October 79, 275 


Total for year 629, 853 


Total 655,773 



PBODUCTION OF '’OPTICAL GLASS. 


Of these quantities the Bausch & Lomh Optical Co. produced over 
65 per cent, the Pittsburgh Plate Glass Co. nearly 20 per cent; the 
Spencer Lens Co. nearly 10 per cent; the remaining 5 per cent was 
produced by the other firms, including the Bureau of Standards. 
The figures, especially those for 1917, are less accurate than those 
for 1918, but they are of the correct order of magnitude. The figures 
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rm. t. {‘urvp I ItuUi’ttlPH tlip UiUl mouthlj' jinxlurlUm of ojuloftl glntw In the t'nltPd Hiatch [rem April, 
t(» KovemUer, UllH, Curvp II Khow.i Iho riimnlntlve total jirodiiftlon of optiail Klaas for the same 
j>erlod. 

show that Hi acting with the total montlily productitin of IJ tons of 
UHahle glass in April, 1917, the monthly production mounted to 
about ‘10 tons in October, 1918; the organizations at that time were, 
moreover, so well coordinate<l that an increase of 50 per cent in the 
total monthly production could have been attained had the need 
arisen. 


chapter II. 

THE CHARACTERISTICS OF OPTICAL GLASS. 


Ordinary glass, such as bottle glass, (Iccorativc gltins. etc., was 
known to the ancients and has for centuries }»een ninnufarture<l in 
large quantities; certain ooinmuniticH have l)e(‘n engaged ir) the art 
of glassmaking for many generations. Optical glass. t>n the other 
hand, is a modern development to meet the deinnml for better tele- 
scopes, microscopes, photographic len.ses, and other optical appara- 
tus. At first sight optical glass may appear to he simply glass, not 
greatly different from ordinary glass, hut the tlifferenees iu*twe(‘t\ the 
two are fundamental and can heat he apppreeiated hy an examina- 
tion into the functions of optical glass ns an integral part «»f an optical 
instrument; from these in turn the eharacteristics retpiired td the 
glass which shall satisfy these conditions udetjuatidy can he dedneed. 
It is not obvious at first thought why optical glnn.s is so ditlieult to 
manufacture satisfactorily and why so much em()liHMiM is pla<'ed upon 
its quality. A brief discussion of ih<‘ facloiM, on which the f>er- 
formance of an optical system depends, will serve to retuler this clear 
and prepare the way for further comments (»n details of similar 
nature. 

Most optical instruments employed in military op(>rntumM are of 
the telescope type and servo not only to aid (he observer in cle(c‘eting 
details of distant objects, but also to fix with high preeismti refenuiee 
lines of sight and thus enable the, gunner to direct and t<i control the 
fire of his fieldpioces. 

THE FUNCTXON8 OF THE KYK. 

The function of a telescopic Iona Hyatem is similar to that t>f the eye. 
We see a distant point bocauao light waves emerge from it or ar(‘ 
reflected by it; each point of the object is seen as n ptnnt because the 
eye unites to a point on the retina the waves of light from (he object 
point which impinge on the oyelena. What w«‘ actually »cc is tin* 
image formed on the retina of the eye aa focused there by its con* 
verging lens system. (Fig. 2a.) In case the eye in defective nuch 
points are not imaged as points on the retina; thus in tin* c»yf‘ in repoMt* 
(adjusted to see distant objects) the retina may he ttni near the ey»‘- 
lens (farsighted eye) (fig. 26), or it may he iocj far from tin* cycleiH 
(nearsighted eye) (fig. 2c), or the aurfaccm of the eyeiens may not be 
spherical but warped so that the converging effect in one meridian is 
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(Ufrorcnt from tlmt in anothor (aHtigmatic oyo). The farsi|ijht<‘(l cyo 
is “ (‘{)rr(‘ct(‘<i ” l)y moanvS of a <*oll(‘rtiv<‘ or positiv«* sp(>c(ach' Ians (indi- 
(•ate(f l)y dotted lines in fig. '2h)\ the nearsigh(<*d ey(' l>y a dis[)ersive 
or negative, lens (fig. 2(*), and the u.stiginatie eye hy a eylindrieal lens. 
Tl)e eye resemhles a pho(()graphi<‘ cann'ra in eertain r(*spe(’ts. The 
lens system of th<* normal eye converges rays from a distant point to 
a point on the ndinu which in turn responds to the light-wave im- 
pulses and functions as a receiving transformer (’onv<‘rting the light- 
wave impulses into nerve impul.ses whieli travel to the brain and are 

a 
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b 

t:~ — 


c 

TZI__ 


Flu a, OJaKrttmsUltntrafiriK ttcOun of p.vcit'tis in furniinK lm»KP ni uinBrti ohJe'Pt on iti«* mlim, Fig i'o 
fhowN wUtnj of tt iioriiwl cyo in wiiicli ilip inmRP in i(x>Uhnl tm ihe retina Itself In fig. 26 the image 
lil uteH liM-ntwl Uick of thereilnn ifar ‘^IglitecJ oje', while In fig '»V theliimKeplanelsIn frtiHt of the retina. 
The ihitteil lines In fig. 'Jh and ’iellliiflirMie the acilon of .sfwiaele lenses in merwislng Chg. 26) or dw'nm*. 
Ing iHg iV) tlie roMvergenee of the Inelflent rays. 

there intt^rprcdt'd. Tlu' retina is to the eye wliat the pluotographic 
plate is to tlu' i*amera. 

'Phe eye is an integral part of all t>ptieal observing instruments; 
and the.se in turn should present to the eye images for observation 
which apprtiaeh in eharaeteristies the conditions under which the 
eye has been aeeustometi from childhood to fimetion. 'Phese funda- 
mental conditions may he eonsiilered under three heads: 

1, Intensity of illumination or brightness. 

2, Hesolving [lower or di'linition. 
d. Field of view. 
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OHABACJTBRISTK^R OF OPTIC’ AL 01. ASH. 

( 1 ) Intensity of ilhmination. For gcMHi nroing i\w “mtoOHity of 
the light emerging from each ohjert (l^rightncHH of olijert) 

should not be too weak (twilight illuniirmticm) nor too Htrong. I he 
adaptability of the eye to differenccH in inteiiHity in nn»Ht remurkable; 
it operates satisfactorily over a range <>f intensilicH from I to 
10 000,000. We see the details of an object becauHe of uifierenceH 
in brightness (contrast in light and slnule) and in ctdor. ruder 
ordinary conditions of illumination the eye k Heimitive t*» a differ- 
ence of about 2 per cent in brightness between twti adjac*ent points; 
under very favorable conditions this perceivtage tliflerence in c<»n- 
trast may decrease to 1 per c’ent, but in ease the intensity of illuniina- 
tion passes gradually and not abruptly frtnn J>ne tletail of »n (d»ject 
to another the percentage difference in intensity may increase many 
per cent before the eye perceives the difference anti tlistingiiisheH the 
details. At very low or very high intensitieH the contra.Ht sensibility 
of the eye may increase to 10 per cent. Forgtjotl vision an ilhiiniiiH'* 
tion approaching that of daylight in intensity ntul distribution m the 
most favorable. 

(2) Dejinilion.’—ln ordcvr U) distinguish the tletails of an object 
these must exceed a certain size; thus the printed lettem on this 
page are clearly legible at a distance of I but they can no longer 
be read at a distance of 10 feet. Measurements slmw that the 
unaided eye can readily distinguish two januts as tlistimM points 
when the rays from these points subtend at the t*ye an angle of two 
minutes of are (approximately half a mil); eyes (»f high acuity are 
able to resolve points separated by one minute of arc <»r less; but, as a 
general rule, two minutes may be taken as a comfortable hunt o! 
resolution under ordinary intensitieH (»f illumination. At low 
intensities (twilight illumination) the ability of the eye tt> resolve 
details falls off rapidly with decrease in intensity and the angtdar 
separation of points just discernible as distinct |Hunts may rise tt» 
several degrees. This is readily tested by noting that tin* lumdlineH 
of a newspaper can still be read in twilight after the fine print Iuih 
become completely illegible. It is for this reason especially that in 
faint illumination a telescope or field glass enables the eye to tliH- 
tinguish, details which it con not see otherwise; and this in spile of 
the fact that a considerable amount of the incident light ia hwt by 
reflection and absorption in the elements of the telescope «y«tem 
itself. In the section on the telescope lens system the explanation 
of this apparent anomaly is given in some detail. 

It is shown in textbooks on physics that each image |M>int formetl 
by a lens such as the eye, the photographic len», the teleia'ope, or 
the microscope objective is in reality a diffraction patk^m to which 
the rays from each object point contribute; thus the image of a 
lununous point, such as a star, is actuellv a central disk of Ikht 


I.KNft SYSTEM OF A Tl^LESCOPE. 


siirr<)im(l('(l by ii sot of t^onccntrio dark and light rings. Experience 
.shows that the images from two sueli points, su(‘h as a double star, 
can be distinguished or resolved when the central disk of the one 
image touches the tirst dark ring in the. image, of the second. This 
theoretical limit of resolution depends directly on the wave length 
of light used and inversely on the aperture of the len.s. In tlie eye 
the lens aperture is varied by means of the iris which serves also to 
shield the eye from too intense illumination; the diameter of tlie 
iris (pupillary aperture) ranges from 2 to 8 millimeters. 

Any defect in a lens which tends to decrease the theoretical limit 
of resolution is serious; but such defects are inherent in all lenses 
and the lens designer aims to reduce these defee.ts or aberrations to 
a limit at least equal to that of the eye itself. 'Ilie importance of the 
eye as an essential part of an observing instiniment is obvious; but 
the need for training the eye to do its part and the desirability of 
fullUling certain conditions rexjuisite for the attainment of the be»st 
definition are not always realized, esj)eeially by observers in the field. 

8. Field of view.- Tlu^ eyes grasp at a gbin<’(^ a certain area or 
field of view, and thus enable, the observer to p<T<‘eiv’e the relative 
positions of j>{)inls and objects in space. Tlu' normal eye at rest 
is foeust'd for i)arallel rays, i. e., rays from dislant points; it accom- 
modates, lu)we.v(U’, with (‘Xtreme rapidity for poinls disUint only 10 
inches, the distance of near vision. Exju'rirnents show that lh(‘ (ield 
of sharpest vision is only eorres])onding to I In* area of llu' yellow 
H])t)t on the retina; but, as a result of ])ei'sisten<‘e of vision and mo- 
bility of lh(' (‘ye in its socket, the iiedd coven'd satisfactorily is 
nearly Oth' horizontal and 20*' vertical; this is surroumhal by a field 
of visual peree))lion but indistinct vision which extends to IhO'* 
liorizonlnl and 120" vert lend in the single t'ye. In observing instru- 
nu'Uts the' api)arent fit'ld of vi(‘w should appro.ximate ut lea.st the 
angular area (tf satisfactory vision and })r('f(‘rjd>ly a larger area 
because the eye by reu.son of its nu»bility in changing its line of sight 
easily eovnu’s larger angular fields of view. 

'I'o reeapiUdate: Three faetom, /afrasifi/ of illinuiuuthji, definition, 
and Jield oj view, are fundamental to satisfactory vision. 

THE I.K.NH HVHTE.M OK A TK.I.KS(’01*K. 

In the design of an oj)tieal ol)serving iustimmenl these factors are 
likewise fnndametital; in addition, a fourth factor, namely, nKUjnF 
Jicutlon is (H|ually fundamental. 'Phe objective of tin* teh'seope 
functions as the eye of the instrument. Us area is much larger than 
that of the pupil of the eye; hence a <’(»rreHptmdingly larger number 
of light waves from eacdi distant objeel point impinge on it. The 
abjective shoulil lu* so designed liiat it eonverges the rays which it 
receives from each ilistant point to a corresponding point in the 
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image plane. (Fig. (F) '11“* image thu.*^ formed m the uggregnte of 

the pointa of convergence of pencils of rnys n'ccivetl hv tlic olijec'- 
tive from (liatani object points, by tints imagtng the i.hjcet points, 
they are, aa it were, brought to a position much nearer the observer, 
and can there be examined by liim with the aid of a ttuigmfymg lens. 
(Eyepiece, fig. 8.) By thi.s means the eye approaches m cfh*cf close 
to the image and the nnglt* subtemled at the eye hy any tvic» points 
in the image is eorrenpondingly increased. 'I’lie rut to of the angle 
subtended at the eye between twt» points in the imng<‘ tt» the angle* 
at the eye between the eorrespimding pt>ints t»f the elistniit ohjeet 
is a measure of the angular magnifying ptwer «>f the telesct>pe. 
Thus, if the angle of separation between two distant potnlH, as viewi’il 
by the unaided eye, is 2 minuteH of are, this apparent angle td sepa- 
ration when viewed through a leh*Heope may he 2ti minutes of are; 
in this case the magnifying power of the teleset)pe \h HJ. 1’he angle 
between two ohjeet points aelually separateil hy only TJ «e<‘oiulH 
of arc (0.2 of a minute) at the observer’s eyt* appear^ through this 
telescope (10 power) to he separated hy 2 Jiiinutes nf arc , these points 
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are therefore readily distinguished as separate points with the nul of 
the telescope. The apparent (iehl of a 0 -power Innonilar i*. {H"; the 
actual field is 8*^, only one-sixth as large. 

In a telescope the area of the image is limited by a circular sf!»p or 
diaphragm located in the image plane; this is eulied the fuiti a/ einr 
diaphr<igm; it is imaged on the retina and effee lively exchides the 
rays from object points outaido of the area imagetl. Thin diaphragm 
functions similarly to the porthole in a ship’s enhtn m hunting the 
field of view, and has been called the tnirrtnrr pnri or trituinH' of the* 
instrument; it is evident that the further away tfie eye v* ffiun the 
porthole or window the smaller is the angular field of View 

The pencils of rays from distant (dijeet puintn enter the tcleHeupi* 
through the objective and are limited in width either by tlie rim of 
the objective or hy some smaller stop which is called the rttiruner 
'pupil of the instrument; this, like the iris of the eye, limits the com* 
of light which a given object point senda through the instrument: 
the image of this stop (entrance pupil), as seen througli the eyepiece 
end of the telescope, is called the exit pupil. The raya from all points 
m the image cross at the exit nnnil* tf 


if the eye ih plaee<l elsowliere it munt be Khifted from side to side in 
order to aee the entire field. It ia important, therefore, for eaae of 
observation that the iris of the eye coincide in position witli the exit 
pupil of the instrument. If a telescope of tlie ordinary type is 
•pointe<l at the sky, the exit pupil can be seen as a disk of U^ht .sus- 
pended in air a short distance back of the eyepiece. 

The telescope is primarily a lifjjht -collecting device to coiu'entrate 
on the pupil of the eye a greater (juantity of light from an object 
point tlian the ey(‘ would otherwise receive. At tlie same time the 
angular separation of the object points, as .seen in the image, is 
increased. Mere magni(ication of the sixe of the image, however, 
witlujut corresponding increase in illumination serves little purpose. 
Jlence tbe general rule that tlu‘ best pow('r to use is the lowest power 
which enal)leH the eye to .see the details of (he object. With this power 
the size of the exit j)Upil is larger than wilh higher powers and the 
image appears l{» the eye brighter ami more readily s('en. 

The ((uantity <if light enl('ring a tt^h'seope (h'pends in general 
directly on the area of its et\trnnee pupil, and this is eiuumonly the 
objective itself. 'I'he relative light-gallu'ring power of two telescope 
objectives varies aeeortlingly ns their areas or as the s((uare.s of their 
diameters. The relative (juantities of light from a distant object 
point, su<'h ns a star, flowing into a telescope objective of 1-inch (25.4 
mm.) aperture and (he pupil of (he eye of 1^ imdi (5 mm.) aperture 
are accordingly as 25 to 1. Similarly a 2-inch object iv(' collects 4 
times as much liglit as a I -inch ohjts'tivc and 100 timc.s as much as 
the ey(*; a H-ineh ohji'ctive, 0 times as imu’h as the l-ineh and 225 
times ns much ns the eye. Krom this it may h(‘ eonehuled that, 
siiice in a telescope tlu' ratio of the diameter of its entrance pupil 
(ordinarily diameter t>f (jbjt'ctive) to that of its exit pupil (eye circle) 
is a menmirc of its magnifying power, a linear magnification of 10 
diametei*H tone hundredfold magnificatum td corresponding image 
areas) is the numt favorable in a 2-inch objective. In this case the 
full resolving power of the eye is utili’/.ed. Altlumgh an appreciable 
amount of light is lost on its passage through the teles(‘o|)e lens 
system, experience has pnn'etl that for field purposes this degree of 
magnifieation i.s sati.sfaetory. On the other hand, the magnifica- 
tion should u«»t he ho low that tin* size of the exit pupil exceeds 
appreciably that t>f the eye pupil, whicli at a maximum is 8 milli- 
meters in diameter. In the Army type B by ,*K) binocular field- 
glass the magnifiention is 0 diameters; the diameter of it.s objective 
is at) millimeters; the diameter of its exit pupil is aecordingly 5 
millimeters. 

To recapitulate: The size of the objective in a tele.seope determines 
in general the (juanlity of light which enters the eye through the 
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exit pupil This, in turn, should ho appHixiiniitoly o<|iml in firoa to 
that of the pupillary aporturo of Iho ovo. If it is nnirh lari^n'r. some 
of the light is lost; if much HUiallor, the suhjcctivt* hnghlnr.HH of the 
image is decreased and the rtwdving p(»wcr td the eye in not fully 
utilized. The mtignifying power of the tehwn^pe Hhould he so ehtwen 
that its exit pupil is approximately cnpuil to tin* pujnlhuy aperture 
of the eye. The visual hrightness td an image «'an inner he greater 
than that produced by the (diject itself on the retina, hut the faet 
that the telescope objective coiH*ent rates a mueii larger emie of rays 
from each object point ilian does the eye. uml at llie same tune 
increases the angular separation of these points in the ratii» (d the 
magnifying power, accounts for the lnc‘k <d deerense in apparent 
brightness which one might expert with increase in magiiitieation. 
It also explains the fact that many stam invisihle to the unaideii 
eye are readily seen tliruugh a telescope, and this in spite id the loss 
of an appreciable quantity cd light by ahstirpfion ami reth'ciiiin in 
the telescope itself. In the ease td a tixiul star, the ntnr remains a 
point or diffraction disk even under the highest ptiWin-n; hut . heeaUHe 
the telescope gathers a large aimnmt (d light, it^ ethsi is tti product* 
a correspondingly iiicrctused Hermnlion of light on the retina. 'I'lie 
luminous stimulus must exceed a certain limit td light emugy ilux 
(about 0.001 meter-candle) in onler to proiluee the Kcusutton td light 
in the eye. For energy fluxes below this limit the eye fniln tt» resptiml 
and the luminous point is not visible. The larger the tliaineler of 
the telescope lens the greater is its resolving jiower, ami the fainter 
are the stars which are visible, In twilight ilhiminutmn tleinds td tth 
jects are more readily discerned through a himicular than with the tin 
aided eye, chiefly because of increased angular srparat ion td thet!etail« 
accompanied by an increase in brightnew to ofTwt the imueaHc m 
size of the retinal image. 

In the design of a telescope lens system the effort is mail** to 
obtain an apparent field of view which is eomparahle to that td ihi' 
unaided eye. The apparent angular field of view taetual tiehl t»f 
view times the magnifleation) ranges in leleseopes from nr to fhr . 
The higher the .magnification the smaller the actual angle suhtemletl 
at the telescope between pointis at opposite margins id the field. 

THE QUAUTV OK TOE mACIE. 

ideal image, os formed by the objective of a teh*seopi% in one 
similar in every respect to the distant object, so that, when viewiui 
through the eyepiece, the image produced on the retina «d the eye is 
a correct and enlarged picture of that received on the retina when 
viewed by the unaided eye. There are, however, a niiinher cd factors 
which render it impossible actually to attain this ideal, hut in 
modem lens systems it is possible to approach so elonely to it that 



QUALITY OF THE IMAGE. 


the definition attained ia aa good aa the oye is capaJi)lc of poreoiving, 
and for practical purpoaea this aufruuvs. A brief summary of the 
aoveral defecta of the image will indicate aome of the factors with 
whi(‘h the lena designer and lens constructor have to contend. It is 
customary to c.onaider, under separate headinga, the defccta or aberra- 
tions affecting image points situated along the axis (line of sight) of the 
instrument and the defec.ta for points removed from the axis. These 
aberrations occur ftvr each color of light employed. The defects 
arising from the use of white light are designated ('hromatie aber- 
rations in (u)ntraHt to the aberrationa whicii are present when light 
of only one color (monot'hromatic light) is employed. 

'I'he signifiemnee of the several aberrations of a lena is moat readily 
presented by conMi<lering first its action on extremely narrow pencils 
of light rays entc'ring indefinitely near the axis (first order theory) 
and then (h'ducing the effecUs produced on wi<ler pencils and larger 
apertures (third order thetuy). (uiuss showed that for the first 



Flu. i. UlttRrttmJIlimlrnOnK lh»* rrinrUHil Ottuns jmlnls If utitl //' and th« prlnelpul foci, Fancl 

F', of « lens fw immshl fRys, 


ciwe the effecd of the lens may be completely defined by reference to 
six points on the axis, namely, two focal points, two principal points, 
and two nodal points. If the lens is surrounded by air and the re- 
fringenee of the medium for the entering rays is the same aa that for 
the emergent rays, the lualal points coincide in position with the 
principal points, and the lens or lens system may be replaced for 
purposes of computation by its two foci, F, F\ and its two principal 
points //, II' \ thus in figure. 4, /'’and F' are the two foci and U and 
//^ the principal points (also nodal points). The equivalent focal 
length of the lens is F II F' IF; its external focal lengths are 
FV and F'V\ If light of different colow be used it is found 
that raya of different color intersect the axis at points near F', but 
not exactly coinciding with it. This variation in the position of the 
focus or distance of the focus from the rear surface of the lena (ex- 
ternal focal length) with change in wave length is called chromatic 
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wifch the color of the light, ho timt even if the lenn were eMUTeett'd foi 
chromatic aberration the focal dintance //' F' varit'H with tlie color; 
this is called chromatic difrcreiice of focal hoigth or rhromailr (iijfer- 
ences of magnif cation . 

If the pencil of light from a {liHliuit object {H>int on the nxin is not 
indefinitely narrow hut in Hiidicienllv wide to traimnut ufi appre- 
ciable amount of light, ho that at F' there in formed an mnige point 
which can he seen, it iH found that tlu* marginal rayn intemt'ct the. 
axis near F' hut not exactly at F'\ thia change in the pi^itum of the 
focus for rays of different aperture in called nphcriatl atnrnidon, and 
like chromatic aberration jneaiw a variation in external hieal lengtlw. 
In a lens corrected for Bpliericnl nherralion a distant «thje«‘t point «m 
the axis ia imaged an a ningle point on the axis. If it is desired to 
produce a single image point of adiatunt ohjeet point situated Hlighlly 
off the axis, it iH CHnential that the lengtliH of the optieal patlw of all 
rays from the object jioint to the image point he etpial; this will he 
the case, as Abbe was the first to show, when, hir eaeh ray, (he ratio of 
the sine of its opening angle (i. e. angle between axis and ray iliverging 
from object point) to the sine of its elosing angle ti, e. angh* between 
axis and ray converging to c(.njugate image point I is a constant. 
For a distant object point tlie enteritig rays are practieidly parallel, 
and the Abbe sine condition is eijuivalent praetienlly tii the state 
ment that the focal lengtli, and Immu* the imagination of tin* leiiM 
for different zones, is constant. The four aherratiojiH, namely, 
spherical aberration, sine condition, ehromalie aherratnm. and idine 
matic differences of magnification are fundamental; hut tin're are 
other aberrations which art* important nml merit eoiiHideration. 
In the following paragraphs a description of these nherrations is 
given, together with a somewhat different treatment of the four 
aberrations noted above. 

MONOOnUOMATK’ AUKUHATIONH, 

The important monochromatie nlierrations are five m numlier. 
It is not possible to eliminate them all in any <me sy.stt'm and they 
are not all equally important in any giveti in.Htrumenf; the lens 
designer endeavora, therefore, to rinluee to a minimnin thos«* aherra- 
tions that are serious for the special type of h*nH Hyntetn he dcHireM. 
The five monochromatie. aberrations are; (1) Aberration of a ptnnt 
on the axis (spherical aberration), (2) aberration of point« removed 
from the axis (coma, sine condition), (d) astigmatism, C fi curvature 
of field, (5) distortion. The effects of the.se aherralioiiH are illus“ 
trated in figure 5, a to h. 

1. Axial spherical aberration.- An a simple collective lens ffig, r»u) 
refraction at the periphery causes rays near the margin to converge 
toward an axial point nearer the lens ih 


rays. Iho ions cxninits an oxcoss .01 convorgonco tor ponphoral 
rays. A simplo disporsivo Ions, on tho othor liand, oxhibits an oxcoss 
diverging odoct for tlio poriplioral rays. (Fig. 56.) Tho result in 
both cases is to |)r()dn (’0 a gon- a 

oral lack of sbar|)n(‘ss in tho 
imago. This is callod fipfurical 
aherration, longitudinal or axial. 

It is ovorcomo in an obji'otivo 
by combining a colh'ctivo Ions 
with a disporsivo Ions as indi- 
cated by liguro 50 so that tho 
oxcoss converging odoct of the 
collective Ions is noutralizod by 




that of opposite character in 
tho disporsivo Ions, Tho axial 
point of convorgonco fora beam 
of parallel incident rays is callod 



the focal point (^r the focus 
of tho h'ns. In correcting for 
spherical aberration the (lo- 
signor may cause tho marginal 
rays to focus at a point hoyond 



tho point of conv('rgonco of 
tho central rays (tig. 5f/}; tho 
coml)ination is said then to bo 
spherically (mrt'orrvcted. Fig- 
ure 5rt illuHtrat('s a s[)horically 



underarmeted hms. An objec- 
tive may focus both ciuitral and 
marginal rays at one point and 
fail t4) do .MO for intorinodiato 
rays (tig. 5c) ; the lens is then 
said to show npheriad zonen. 
Oorroclion of spherical aberra- 
tion can be edectod for only 
one })air of conjugate pianos. 

2 . f V> wia , H i nc co nd it i 0 n . d'! 10 

edo(‘t of an imcoiToctod lens on 




Fid. 5. (0) Hphertail nSprnUKm in onllpcllvei 


1 !• . . , tlHwltlvp) hPns. 16) Sphprlcskl uberraUon in a slnple 

obli(|Ue lays from a point re- ji|«|M'n«lvp(nPKativp) ipns. (r) Omihlct eorreetPd for 

moved from tlu' axis is to imago sphprlpul aljormtlon. on Sphorlral ovprporrpctltm In 

,1 , I , ) ' t aclmililPt. (r) Splipric'ol xont's In a (tout)lPt PorrwtPd 

tno (‘(‘niral ravs at one point., for nptjprlpal al>prraUnn. (/) Coma In 0 Ipns. I.nck 

and the marginal rays nearer or offuitaitnpnt of hUip contiaion. ((») A.^tiumiuism in 

farther away from tho axis. 

(Fig. 5/'.) Even though tho lens is corrected for axial spherical 
aberration, it may show lateral spherical aberration for extra-axial 
points, and the odect is then to draw out the imago of tho point 
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SO that it resembles a eonu't with its tail directtHi tciward. or awa 
from, the axis. This (lef(Ma is known as ronof. 

Astigmatim.- -Tlw ofTert of a lens system tm ohlit|ue rays is t 
produce not only coma, but also two sets of images ft>r ptjints 
moved from the axis; in the one set tinner image surface) radii 
linos (vortical) are imaged, in the seeond. tangential lint's (liorizor 
tal). (Fig. Bg.) This aberration may be ctmsidt'rt'd to follow as 
result of the foreshortening of the lens in Iho vertical as compare 
with the horizontal plane for an inelined beam of light. Both t-tuu 
and astigmatism increase with the ohlitpiity of the incitlent rayi 
Astigmatism is removed when the two focal surfaces are brought t. 
coincidence. 

Curvature, of field. The correction for astigmatism may result In 

curved imago surface, so that the image is not entirely in focus ifve 
the whole field at any one time. In tlic lens ctuTt'ctcnl for flatness c 
field, however, the image surface is plnmu 

JJistortion. -'Kym after all of the above alxu-ratijms have been sat 
isfactorily reduced the image may he distorted hi» that points on th 
margin of the field are magnified imme than tin' ce'ufrnl nri'ii (pin 
cushion distortion) or vice ver.sa (harrebshaped (list ort ion). In thif^ 
as in the foregoing aberrationH, the c(unpiele elimination is limitei 
to definite distances of the object. 

OIIROMAIK* AWKUHATIO.VH. 

If instead of an object ilhuninaled hy immochromatii* liglit a cul 
orod object is obaerved, there is f«>r each color <jf light an imag 
formed. These images are superimposed and art' in dilferi'nt plain's 
this gives rise to the defects called chrornnth' nhrrmiwuH, of which i 
is convenient to distinguish two cases, namely, axial cliromatisn 
and lateral chromatiam. 

Chromatic uberration or axial chromatiHm. I'he t'ffect of a suupb 
collective lens on a beam of white light is show'n in ligurt' fin. 'flu 
blue rays converge to a point nearer the lens than the red rays am: 
the Ions is said to ho chromatically undercorrectetl. neutralizt 
this effect a dispersive lens of higher relativi^ dispersion is comhinet; 
with the collective Iona (fig. Ob) and rays of two c’t»li>rs, sucl 
as red and blue emerging from a given tihject point, proceec 
to the same image point on the axis. A lens correctinl for two 
colors is called achromatic; the departure from exact convergi'iice 
to an image point, of rays other than the two for which the h'nn is 
corrected gives rise to colored bordem on tlu' image; thewe rc'sidua! 
color errors are called “secondary apectrum.” By the llMe »f optical 
glasses in which the partial dispersion ratios in the two glafiseH arc 
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1)0 iinapjod at practically ono imago point, and only negligible colors 
of the tertiary Hpectruni remain. 

Ohromatic difffrfucffi of tmujnijieaiion: lateral ckromatiHtn. ^ Far 
points removed from the axis the correH[)on(ling image points may 
1)0 displaced laterally by different umonnts as a result of the difrerences 
in magnification with different colors so that the size of the imago 
for hlue light is different from that for red light; this gives rise to 
color fringes toward the margin of the field (fig. (ic). In the 
microHcoj)e this error, which is characteristic of apochromatic ob- 
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rtij. H t «0 {'limutwOr SlU’frrtiUt*) l»i a rti|)«rl|vr Irna (fct lUwiiaPt n»frrrlr*tl fitr rhrtttimtlsni. 

tri ( hr<i(iwO«' (Isfl’rfpiM'ra n( t*» lalrrsl In a 

jectiv(‘H, is neutralized by the use of comfiensating eyepieces in which 
the chromatic differenceH of magnification are of the same magnitude 
as those of the objective, hut of opposite character. 

The materials of which optical lens and prism systems are made 
must satisfy extrmuc'ly rigid retpiirementH of high precision; the 
character of workmanship in the grinding, polishing, and adjusting 
of tlie several ehunenls of a lens system must also he good in 
order to eonform to the speeifieations imposeil hy the lens (h'signer. 
In common with other faelory operations requiring a high degree of 
technical .skill, a considerahle amount t»f experience is required to 
ascertain and to maintain the bwit methods for accomplishing the 


by adequate realization oi wie pnnrjpu>n ... 

inventive adaptttbilitv on tlie |)tirt of l!io men .•onocrno.i In mnk 
the boat of the facilities at band and to develop new fneiltlies at th 

required speed. 

THK (JltARACTKUIHTlCH OF OFTItHt. 

Optical glass, as uaed in Iciwes and prinius. funrltunH n UMMliui: 

so to refract the rays ofligld from any dint ant pomf that the, 

will converge to a single corresponding point in the ininge 'rhis cui: 
dition is extremely (liflicult t(» meet and rcquir.'H that fhr ghiH. i 
each lens or prism element he of unift»rin fpmhty niul pitipcrtn' 
throughout and that its optical constnutH agree v.'ry ehitely wit 
those of certain standard types (»f glnsH, 'I'o mantiraettire. .m 
large scale, a series of different types t»f glass of this d»'gree of pel 
fection requires close attention to details. 

The art of making optical glass consists eHstuitndly in meltin 
together certain ingredients at a .sunieientlv high temperature t 
iusuro liquidity so that huhliles which are hinned nsr to the surfar 
and escape, of mixing the melt ihorouglily hv vigoroun stirring H 
that its composition is the same throughout, and then allowing tli 
pot of molten glass (000 to 3,r»00 pounds) to cool dow n slowlv to rmu 
temperature. The ingredients that are put into the luitrh tiepen 
on the kind of glass desired; tliey are essentialU the o\»des »>r tV. 
salts of the metals that are fmind in nntnrHl rocks, and include sdti' 
(as sand) , sodium and potanaium oxitles fas mtrntcH nml carhouateH 
calcium oxide (as calcium carbonate), and nhmimium oMtle I 
addition to these oxides certain other t>xuicH are usetl to impart t 
the glass special properties; these inelmle lead oxulc titB red Icml i 
litharge), barium oxide (as barium carbonate), /.ine o\id«'. hnr 
oxide (as hydroxide, or as borax), antimony and arnenie oxule, rare) 
b a little manganese (os MnO,), selenium, cobalt . ami nickel uo* oxides 
and in some glosses fluorine (as a fluoritlel. A glnsa that cMuilani 
on appreciable amount of lead is called fiint glam, ofltcrwi^^e it 
crown glass; thus wo have serk^ of ordinary flint gltiMw*?*, of Imriu! 
flints, of borosilicato flints; of ordinary erowna, t»f Milteale erowiiH, i 
borosilicate crowns, of barium crownM, eti*, 'rhcHc glawHc^ hat 
different refractive indices and different relative di^«per**ionH and a; 
used in combination in lens and prism Mysfems to reduce to a mm 
mum the aberrations peculiar to the .special optical HV«tem umli 
design. The quality of performance of the huia wysCein depend^ « 
the skill of the lens designer and the lens maker, and also on tl 
quality and variety in types of glamw availalde. 




Tlie charactcriHtic's of good optical glass are: 

Hoinogimoity; 

(d) Uniforraity in chnruicjal compoaition 

1, Fnu'dnm from Htrifx*. 

2 . FrtH'dnm frttiu bubbloa. 

ti. I'rcHHltrtn from intduHioiiH, Htoiioa, and c'rystalliti^s. 

4, Fn'tHhmi fn)m cdoiuUnoHH. 

(h) Uniformity in physical «tat() • 

1. I'Voodoiu frtau striiinH. 

IL DtdiniU' roftw’tivo indices f(»r difforent wave Imlgths: 

(«) Ridmctivity. 

(/)} UiMpersivity and dispersion ratios, 
in. Frt'cdom from coha, 

IV. lliKh di'Krco of tratispar<nicy. 

V. IliKli dcirrcm ofchmnical and physical stability : 

in) llcsistanct' to action of weather and e('rtain chomic'al agents. 

(b) TinigUnctm ujui Imnlncss, 

I. nOMOfJKNEITV. 

A ftimlHrucntal rctjiiirctntnit for optical ghiHs is homogeneity; even 
a Blight dt^purturti from a high degree of uniformity in composition 
in not tolerated bet'atiHo of the effect on tlie performance of the fin- 
inhed optical innl rumen t. Compared with other kinds of glass, 
optical glfWH 18 a thing of extreme preciHion; tlie entire manufactur- 
ing proceHH of optical ghiBH has boon developed with the object of 
attaining a highly homogeneouH product. A number of factors enter 
into tht^ problem; neglect of any one of these may render the glass 
unHuitable and UHide.HM for optical purposes. These factors will now 
be eoimitliwd in some detail; appreciation of their significance is 
(vHsential to a projier understanding of the several steps of the manu- 
faeturing prm*e»i. Lark of ehemical homogeneity finds expression 
in Htrifc, veinn, cords, ream; in bubbles, seeds, air bells, boil; in stones 
and other imduHimiH, sneh as erystalhtea, and in strained glass. 

(»! UNIFORMITY IN CHEMICAL COMPOSITION. 

1 . Strlir (wim, renia, threada, rihhona, ream, etc.) .—Stnsd are 
itreaka of different composition within the gloss mass; they represent 
either original ^lifferences in compoHition (resulting from insufficient 
mixing of the batidi or from solee.tive settling of batch elements 
during imdting; thcHe differences the stirring process failed to 
eradicak' entirely) or differences arising either from materials 
introdueed into the melt because of solution of the pot or from 
the volatilization of (*ertain components of the melt whereby local 
differenccH in cmicentration are produced. Stria' are generally 
lower in ri'fractive index than the inclosing glass; the differences in 
refractive index are commonly limited to the fourth decimal place; 
but in the cose of heavy striae they may increase to several units in 
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the third decimal place. (Mk 
index of a very heavy cord wa 


Fig. 7.--(o) Heavy Btrlaa In a pinto of KlasM. (b) UltiKoimrln- imUf«UU»»!anait"4> f lt,i !.. » -.li 
(obllcj[uo lIluniiDatlon). (d) C^ord In of utouo with (“j* **f i*l«J 

(<) Ream in rolled optical gUias. (/J jlt^ivy strim in a Intn. nijiJ plrusUlig ilJ .* I«* 

(b) Roam cut across by the stoop curve of a uoKiitlvn Ions. 

the surrounding glass. As a result of thcHc dilTf^ ri'iu’i's, tiic put 
of the transmitted light rays are defleekHl slightly ami tu thin extv 
the quality of the image is impaired. The ciffH-t of verv nlig 






diffenuHuvs in rofrac.tivo index, even in the iifth dcMurnal place, is 
readily se(ui on a warm day, when hot ascending air currents render 
distant objecta indistinct and destroy sharp definition.'^ 

flecause of their different refringencea strife disturb the paths of 
transmitted light rays sliglitly so that these ray.s no longer hit the 
exact point of the image they are supposed to hit; hut they miss it 
by a very little; each point of the image may sxifh^r similarly and 
the result is a dt'.crease in sharpness over the (aitin^ field. In the 
case of higi\“power instruments the rays converge to an image point 
under a very small angle and a sliglit deviation in path seriously 
affects th(' (piality t)f tlie image; in low-power instnummfs the rays 
converge to tlie image points under a larger angle and the same 
amount of angular deviation may be practically negligible. For 
this rea.soti it is iwsential that for optical meiusuring instruments 
of precision, such as range finders, panoramic sights, etc., optical 
glass of the best (piality only he uw'd; for low-power visual inatru- 
menta, such tis trench telescopes, glass of seeoml <puility may not be 
objectionable for certain lens elements. 

Experiences has shown that Uu' optical efft'ct of fine, strite or even 
of heavy striae in optical ghuss tlepemds on th<*ir position and 
abundance in the particular optical eleimmt in which they appear. 
In the case of heavy cords or ribbons wliose (!omj)ositi<m is noticeably 
different from tlmt of the aeljncent gla.ss, their eilect on transmitted 
light rays is so serious that the gla.ns is worthless for optical purposes. 
A single heavy cord located near the margin or even at the center 
of a lens defbuds atul renders useh'HS only a small fraction of the 
transmitted light and may have no perceptible effect on the tlefini- 
tion; if the «‘onl is in the (objective lens, it is imaged near the exit 
pupil of the instrument and, alth<»ugh not visible, functions as would 
a piece of thwad or wire placed dir<*ctly in front of the eye. If the 
itria appears near tin* image plane, it is seen directly and destroys 
the definiti«»n altmg its path. In the case of fine stria* the effect 
depends largely on their charaeter; it may la* ni'gligihle for certain 
elemeutH in low^mwer optical instruments. In photographic lenses 
of prc'ciaion fine slria' in a lens element enlarge the circle of {’{in- 
fusion for ijiiage points tti such an extent that sharp definition is 
destroyed; a single heavy tlmead, on the other hand, aimply deflec.te 
a small amount of light and {loes not cause ap|m*ciahle deterioration 
of the image. 

The effect t»f tlie presence tif stnie m prisms depends on the type 
of atria* ami tm their fKisilicm in the prisms, also on the type of the 
prism. In tin* ease td individtial threads which are nharply defined, the 

* An InlerwUug »mi 5ht» "iipurail siwjnjrttiftng ihr sirl«’ wWrh tipjpear as ltap«r* 

(MtkmKit) ty bwti hy A. A. Mirh4»li«w itt i^rJenS Jftr I'apw No. 333i 0.8. 
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effect IS simply to cut oil a small amount ai aiici ih m»i Humcicnt 
to cause perceptible clecrtMiHc in illuminution or dcfimtioii. In the 
case of heavy striflB a large part the light sulFerH deflect nm and the 
image of a distant object examined through the prism ami an observ- 
ing telescope may bo doubled or appear to be batlly nHtigmatie; 
fine-banded striie may give rise also iu a gtniernl tlare. renembling 
that from coma, over the field. In the east* of tine Hfn«' tlu' effeet 
may bo negligible or it may be ho Heri<mH that tin* detimtom jh spoiled 
if the fine strife are reHidiial remnantH of heavy eords winch liave not 
been completely dissolved, tlu'y may be Hurrtmndetl by glasn wIioh^ 
composition and refringeneo chaugeM gradtudlv m tin* vunnity o] 
the striso. A change of thw kind in eomposituin and refractivdy i? 
serious because it warpn a tran.smilteil light wave ami rendem sharj: 
definition impossible, tinder ordinary eondil ions cd tt'st nueb ebaugej 
in composition are moreover not retulily deti'eted. 

In the testing of prisms one is impreHsed with the variety and mtmbei 
of striso which may bo present and yet have im perceptible effeet or 
definition in the image; whereas in other prisms even very fain 
striaa affect the quality of the image seriously, A lieavy atria m ar 
objective prism of a range tinder may, if located near the margin, havi 
no perceptible otfect on the image; but the same Mlria situHt»<d at (hi 
center of the prism affects the definition so Mt'riouNly that tlu* prisn 
is worthless. In the cose of large ohjeelive prisms, the ineuletit ligh 
rays are practically parallel and it is essential that the quality of tlr 
reflecting prism bo of the best, oUierwisi* HstigmatiMm, double uuagt*H 
flare, and other defects are introduced into tlu* image 'Hu* snm- 
holds true of roof-angle and other prisms m which each light rii' 
traverses the prism in more than one plane. (ilaHH fur Hueb priHiii 
should bo entirely free from striai of any kind, ullierwise the ri'Hulvini 
power of the instrument containing such prisms may be :H<*ruiUNl' 
impaired. 


In the case of flue-banded striie, railed "ream*' bv tlu* plate gins 
maker, oxporionco has shown that if (he plaueH uf tlu* ream iir 
normal to the line of sight the (jiiality of the image is nut nppreeiabl 
affected by the presence of ream. For example, the pri»tt*cting wni 
dows or shields and the reticules of eertnin tin'-eontrol iUHtrumenfs nr 
commonly made of selected plate glosM, which is ehnrarteri/ed by fb 
of b^ds and ribbons of tine Htriu* approximately luirnlb 
with the polished surfaces. I'he crown h*nses of many t*vetm*ees nr 

m «Poc(a('h* leiwes are’ math* ki>t 

molded rolled gloss, not from stirred optical glans. Experience lui 
shown that m many low-power optical inslrumentH tlu* use uf rulle 
f ourvaturc is p.rnuHHibl, 

Z finaUhLp'' before grinding be molded b» approximate! 

to uHcZ^’ curvaturi* it is not gootl praetu: 

to use average quality rolled glass, beeauso the lieaw reaiuH are ei 



BUBBLES AND SEEDS. 


across and fuiu'tion there m ordinary atriic causing double images, 
etc. (Fig. 7h.) 

Tiie fa(;t that a atria of a certain kind may destroy the usefulness 
of a prism or huia when lo(^at(‘.d in one posit ion is in general sufficient 
to bar it out entirely oven though it would not be serious were it 
located in anotber part of the lens or prism. It is better policy in 
manufacture to elimimite raw, unworked material which is defective 
than to discard it later after much labor and expense have been put 
on it to produce tinislied opt ics. The probability that the strite will 
be favorably located in the. finished lens or prism is not sufficiently 
great to make the risk worth the while. 

A less tangible but more serious <le.fect in optical glass than atriaj 
is the gradual change from point to point in its refrmgonce. This 
may he pres(‘nt in optical ghuss in which no stria* are visible. It can 
only be detected by careful measurement of the relative refringence 
at different points in a glass plate; this itteasurement is commonly 
made by means of an interferom(d.er or a precision refractometer. A 
gradual change in refractivity in a lens or prism gives rise to an 
imtKpud warping of the transmitted wave Hurfaces and spoils the 
definition in the image. 

Itubblen ({i^edn, air bells, mcuum bubbles, boil ).®- -At all stages in the 
melting and fining process of optical glass manufacture, volatile matter 
escapes from the melt; in Cfise any of this volatile matUu fails to 
reucli the siirfaec' before the molt<ui ghnis cools down, it remains 
entrapped in the imdt as a bubble. (Fig. Ha.) Hubbles vary greatly 
in size from mimitt' specks hardly discernible to the unaided eye to 
large bubbles several inillimeU'rs and even centimeters in diameter. 
Illuminated from the side by a strong source of light the bubbles in a 
piece of glass appear as briglitly shining points or stars within the 
ghiHH mass. Bubbles are not desirable in optical gloss; but the effect 
of a bubble depends largely on its position within the optical system. 
A bubbb* is not tolerated in the image plane of a telmcope system 
becauHt* it may disturb details in the field of view; but bubbles situ- 
ated in lenses and prisms distant from the image plane are not in 
general serious, as they Uuul chiefly to cut out a negligible percentage 
of the transmit te<I light. Bubbles in a telescope objective are imaged 
in or near the exit pupil of the instrument; if they are large the 
effect on the observer’s eye is the same as though a fine speck of 
opatjue substance were actually placed directly in front of bis eye; 
this bolds true for striw to a much greater degree. In most coses 
the bubbles are so small that this effect is negligible. In some 
instances a small bubble marks the position of a former particle of 

• «r« smalJ bubbk»s. "bcjie* are Iwf# Subbto develtjpnd toward ibe end of the fining period or 

aa a r«ull of "blocking", "vacuum bubblea" ar« mnmonly of fair aim and develop during the eooUng 
down of ttoo malt; "air Iwlla" are of Irregular «hap« and are formed getiorally during; the nrwalng or inoJd- 
Ing <^[)«raU(»n8. 
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sand or clay which, on Hohition, net free included gancH, thus forming 
a small bubble. In this C4iae the bubble is apt to mark tlu^ end of 
the short streak or stria in the glass which, if appreciably dt'vidoped, 
is a sudicient cause for rejection of the glass. Optical glass should 
bo free from bubbles of this nature. 

Buhhle.s are not always ettsy to avoid erjtirely; and in .sonu-i types 
of optical glass it ia practically impossible to produce glass free from 
small seeds. 

Stonea. - are included fragments t)f imdiasolvetl matt^rial in 
the glass moss. They may re{)resent coaroe partich's of the original 
hatch materials (batch Htones, such os clusters of sand grains) wliich 
failed to be entirely dissolved (luring the glass-melting operation; 
more commoply they are pieces of the pot walls (pot sitmra) which, 
looBcncd from the sides or bottom of the pot, find their way intcj the 
melt. (Fig. 9«.) 'They nmy be fnigments of the crowm of tln^ fur- 
nace (crown drops) which have fallen into the melt. InclusionH of 
any kind are unwelcome guests. The glass adjacent to tliem is 
usually in a state of great strain as a result of tlu* difteremce in rate 
of contraction between glass and inclusion on cooling; chnrncteriHtic 
cone-shaped fracture surfaces may develop in the gla-ss adjiu’ent to 
such inclusions. 

vStones and included folds (feathers, pressing deb'ctsl of tlusty 
material in lenses and prisms may he introthuu'd during the pnwing 
process after the glass htis been taken iiito work. (Fig. In 

preparing the glass fragments f(»r pressing int{i dt'sired shap«‘s it ts 
common practice for the workman to heat them up m a mutUe fur- 
nace on a slab of refractory iimU'Hal. In order Ut prevent the Hoftiuied 
gltisH from sticking to the plate during this operatitui, powdered elay, 
mica, talcum, graphit4S or a mixture of these or other materials is 
spread over the plattu This jmwder clings to the undersurface of 
the softened gloss fragments. In preparing each glass fragment for 
his press, the workman paddlw it up into a suitable shape. If this 
operation is done carelwsly, he plasters the sides of the fragmeiitH 
with the powder; in the prt'Hsing operation tluw dusty surfaces may 
be enfolded into the lens or prism blank (%. H6), thereby s|HnIirig it 
for use in an optical Hysttuu. (lareh^^nesH in this oprratitui may 
result in large rejectionH of the finiahml blanks. Trouble from thin 
source can be greatly reduced by the use of proper refract<u*y base 
plates and by avending the use of exetm powder. It w also pewsilde 
to modify the procedure »o that no powder is u«etl and prf'ssing 
defects are largely oliminaitHi 

The presence of stones in optical glaiw is admjuata cause for its 
rejection, because not only are they not tolerated in optical systemi, 
but, as a result of solution, they commonly leave a trail of alria^ in 
their peisaage to and fro in the melt, thus spoiling a much larger 
percentage of glass than their presence at isolated points within the 
glass mass might indicate. 
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UJ?JIF()KMITV IN PllYHU^AL STATIC. 


Orystallizaiion bodies, {radial HplwruliteH, cnjHtallitt's, demirifica- 
lion sfonas). “““On cooling down from a high temperature, optical glass 
behaves like any other solution with falling teniperftture; tlu' solu- 
tion bocoraos supersaturated with respect to certain componentH 
and these begin to crystalliKoout if given time to do so. (Fig.Ua t«» d,) 
The homogeneity of the glass melt i.s thus dcHtroyed; strains of 
appreciable magnitude are set up in the cooling glas.s mass acljncfuit 
to the crystallites and render it ustdess for optical purpost‘H. (Fig. Htl. i 
The presence, in a lens or pri.sm, »»f an inclusion, h«>wever small, i.s 
sullicient cause for its rejtu'.tion. 

Glondiness,- -Under certain condiiums t»f manufacture cloudy or 
milky glass results. Turbidity or opalescences of thw kim! in optical 
glass is a very serious defect and renders it UMeleim for optical purpewea. 
The turbidity is easily detec.ted and the glass is •■ejected hefi»re it 
passes beyond the lirst melting stage or at wor.st the lens- and prism* 
pressing stage of tlu' mamifaeturing proceHses. 

b. UNIFORMITY IN FHYSICAl. .STA’rT,. 

Freedom from Htraln. Altliough a pieee of glass may Ije homoge- 
neous in a chemieal Hense, yet as a result of imprtiper heat treatment 
it may bo in a state of internal strain. Tiiis is to !>e avoided in opti- 
cal glass chiedy for one reason, (jlass under strain is not in eqiulih- 
rium; and even at room temperature the intiTual strcHScs .seek re- 
lief by slow movement within the glnss hloek. In a highly strained 
piece of glass tlu^ internal movement may reach some nu'chanieally 
weak spot in the glass maas, such as a stria or an inclusion that is 
not able to maintain the strcHs; the result is then a rajud shearing 
and eonseijuent fracture. The glass plate' or lens eraeks without 
warning. The movement of tlie strain over |K>rtiona of a piwe of 
glass is readily followed by examination in poliirissed light. In 
optical systcuns lenses and prisms of definite shapes and «ij^« are 
used. A sligiit dejiarture from the preaeribetl surfaces gives rise to 
defects in the image which are reatlily detected and impair its quality. 
Strain in optical glass eausi's the surfaceH to warp tiuring the polmhing 
and figuring proeeam's. I'his tendency toward defonnation contin- 
ues after the several elements of an optical system have been mounted 
and is a constant source of trouble to the extent of eaiiaing an element 
to crack and thus to render the whole t»ptieal ayatem uieliiw. 

A piece of glass under strain is analogous, in it« behavior toward 
transmitted light waves, tt> a birefraeting crystal. Thia was tlwcov- 
ored in 1813 by Sir David Brewster® who found that a glass plate 
under load (compre.HHional Htress) hebavea as a uniaxial negative 
crystal, the optic axis being the direction of application of the load. 

' The Identiamtlnn of atonjw in cifitirat iIum Js by N. l., lU>w»n in J. Am«r. Cwiimk* Ik**., I, 

894-f06. IBIS. 
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STRAIN BIREFRINGENCE. 


Brewster discovered that the degree of birefringence, as measured by 
the path difference of the two plane-polarized light waves formed 
on traversing the strained block at right angles to the direction of 
the applied load, is proportional to the load itself ; in other words the 
path-difference per unit length of path or the birefringence may 
serve as a direct measure of the strain. 

It may be inferred that because two rays of different refractive 
indices are formed as a result of the strain these may seriously affect 
the quality of the image. In order to test out this inference the 
degrees of strain in a number of plates of different types of optical 
glass made by Schott <fe Genossen, by Parra-Mantois, and by glass- 
makers in this country were measured. On each plate the actual 
maximal path difference between the transmitted light waves was 
determined and this in turn was reduced to path difference per cen- 
timeter length of glass path traversed. (Fig. 10.) In the best 
annealed samples the maximal observed path difference for sodium 
light at the margin of the glass plate was less than 5 millimicrons 
(millionths of a millimeter) per centimeter glass path. In optical 
glass of fair quality the path difference reached a value of 20 milli- 
microns per centimeter; in samples of poor quality a path difference 
of 40 to 50 millimicrons per centimeter was reached. But even a 
path difference of 50 millimicrons per centimeter is equivalent to 
a difference of only 0.000005 between the refractive indices of the 
two transmitted waves; this difference is negligible even in the best 
optical systems. Experience has shown that a difference five times 
this value is within the tolerance limits of the most exacting optical 
systems. 

There is still a possibility to consider, namely, the change in 
refractive index of the material under hydrostatic pressure and the 
change in actual refractive indices for rays vibrating, parallel and 
normal to the direction of an applied load. Measurements by Kerr,® 
Pockels,’ and computations by Adams and Williamson ® have shown 
that the index of refraction of glass is increased by compressional 
load and decreased by tensional load. Kerr found from measure- 
ments with a Jamin interference refractor that in the case of com- 
pression both waves are retarded, while in the case of tension both 
waves are accelerated; that the wave whose vibrations take place in 
the plane normal to the direction of the applied load is retarded most, 
its retardation being practically twice that of the wave vibrating 
along the axis of pressure, 

S. Czapski " measured the relative and absolute changes in refrac- 
tive index in poorly annealed glass rods and plates by a dioptric 



CHARACTERISTICS OF OPTICAT. GLASS. 


method based on Brewster’s and Kxner’s observatitni that a cylin- 
drical glass rod behaves optically as a meniscuH lens. O.apski found 
that the index of refraction for both waves increiiHCH from th(‘ c(>nter 
of the glass rod or plate; for crown glass, so straincHl that lh(‘ rt'stilting 
path difference is about 400 millimicrons p('r c('ntinieter, the iiKTcase 
in refractive index of the wave vibrating parallel with the axis of 
pressure is 0.0000914 and for the second wave 0.0000408; f(jr a sec- 
ond plate, so strained that the resulting path diff(*n*nee is about 150 
ihillimicrons per centimeter, the increases in refractive indiccss are 
0.0000303 and 0.0000155, respectively; for a flint block so strained 
that the path difference is about 325 millimicrons per centimeter, the 
increases in refractive indices were 0,000 M(»5 anti 0,000 UOO, re- 
spectively. 

Adams and Williamson ascertained by computation that the index 
of refraction of a light flint glass of refractive index tiu 1.57, is 
increased 0.00118 by hydrostatic pressure of 1,000 kilograms per 
square centimeter; that in the case of a load of 1,000 kilograms per 
square centimeter (imdiroctional pressure) the increase's in refractive 
indices of the two waves vibrating normal and paralh'l with tlu' axis 
of pressure are, respectively, 0.00049 and 0.00020. 'riuur exp(*rimental 
results show, moreover, that the hirefringenee'i resulting from tiie 
application of a load of 1 kilogram per sepnire ee'ntinu'ter to a block 
of glass ranges from 2.5 X 10“’ to 3.2 X 10“’ for the ordinary type's eff 
glass. The observation by Brewster that the optie'al e'ffe'ct proelueeel 
is directly proportional to the amount of the stress was alse) femnel by 
them to be valid. For extra dense flints and elense' barieim crowns 
these birefringence values decrease perceptibly, so that fe>r a ve'ry 
dense flint containing about 74.0 per cent PbO the birt'fring«'n('«' is 
zero irrespective of the state of annealing. This eoiu’Iusion is in 
accord with that first reached by Pockels from meaHureiru'ntH wdth a 
Jamin differential refractor. 

The foregoing results by Adams and Williamson are larger than, but. 
of the same order of magnitude as those obtaint'd by Ozapski. 'riu'v 
show that a strain birefringence of lOXlO”" (path dilb'n'nee of 10 
millimicrons per centimeter) , which is about tlu^ limit permissible in 
good quality optical glass, is produced by a load of 40 kilograms per 
square centimeter and that for this load the change in refra(’tiv(» 
index of the light flint for the wave vibrating normal to Uuh axis of 
pressure is 0.000016 or at most 2 in the fifth decimal place, a negligible 
amount in its optical effect on the quality of flie imagtu In the 
case of a large telescope objective improperly supported so that its 
weight is held at a few isolated points, the pressure at these points 
may greatly exceed 40 kilograms per square centimeter and a serious 
amount of strain be thereby introduced. 



KEFRACTIVITY. 


Direct measurements of the change in refractive index of strained 
glass as compared with ,that of the same piece after annealing were 
first made by Schott^® and later by Czapskh^ who found differences 
in refractive index up to 0.003, the refractive index of the well- 
annealed glass being invariably higher than that of the heavily 
strained glass. Similar series of measurements made at the Bausch 
& Lomb plant at Eochester with an Abbe-Pulfrich total refractometer 
led to the same results; the refractive index of a “proof” taken from 
a pot of molten glass was invariably lower, from 0.001 to 0.004 lower 
than that finally obtained on the well-annealed plates of glass from 
the same pot. The same order of magnitude for the effect of strain 
was obtained at the plant of the Pittsburgh Plate Glass Co. at Char- 
leroi, Pa., on “dips” or “proofs.” For the measurements refractive 
liquids of known refractive index were employed; the “dip” of 
glass was immersed in a tank of refractive liquid and its refringence 
was compared directly with that of the liquid and a standard glass 
sample. 

The foregoing measurements demonstrate clearly that the chief 
effect of strain in optical glass is to deform and warp the optical 
surfaces. Strained glass is not in a state of equilibrium; relief 
from the internal stresses is sought by internal differential move- 
ments. Experience has proved that even at room temperatures 
prisms and lenses made of strained glass do not retain their shape 
satisfactorily; with the oscillations of room temperature, the accur- 
ately wrought surfaces of the prisms and lenses undergo constant 
warping and change; these changes are very slight, but in high pre- 
cision instruments they are sufficient to render such an optical 
element useless. If the maximum path difference resulting from 
strain exceeds 20 millimicrons per centimeter glass path there is 
danger of surface warping and consequent introduction of astig- 
matism and other defects in the image. If the strain is uniformly 
distributed, this defect can be overcome to some extent; but if the 
strain distribution is irregular, there is no method for counteracting 
its damaging effect on the quality of the image. Hence the im- 
portance of proper annealing of optical glass. No glass is entirely 
free from strain, but if the greatest strain in a plate of optical glass 
is below a certain limit (resulting maximum path difference less 
than 5 millimicrons per centimeter glass path) the tendency toward 
warping of polished glass surfaces is practically nil. 

REFRACTIVITY. 

The function of the lenses and prisms in an optical instrument is to 
change the directions of propagation of incident light waves so" that 
when they reach the eye of the observer and produce an image on 

10 Zoitschrift Instrumentenkunde, 10 , 41, 1890. 



the retina, this imago has tho doHirod <iualitioB. 'rhis cluingo in the 
paths of light waves is made possible by the fac't that on traversing 
different substances light waves oncounter dilFc^rent d«^reeH of 
resistance depending not only on the substance, but also oii the color 
of the light itself (wave length). A incasun^ for the. relative rate of 
travel of a light wave of given color through a Hubstaiu'e is the reeip- 
rocal of the refractive index. The refraetiv(‘. ind(‘x of a Huhsianco 
is in fact the ratio between the velocity of light in freci space (vacuum) 
to that in tho substance. Light waves of diffennit color travel at 
different speeds through a suhatunee (lig. llu) ; as a result, a beam of 
white light is resolved into its colored components by a prism, tho 
blue rays being dofloctod the most, the red rays thi' least (hg. ilb); 
the emerging rays are dodoctod or disperscHl in a thdinit** order 


h 



Fig. n,~(a) Rofrootlon of plono-piirollol llxht at a iilono mirfucp. (fi) nfHiwsshai of whltf light io tt prem. 

(c) Achromatic prism pair. 


(spectrum). The amount of this deflection, hotli actual and rela- 
tiye, depends on the refracting substance. Different optical gliiSMCH 
behave differently in this respect; the refractivity of an optical glass 
is ordinarily specified by its refractive indic.m for certain definite 
colors or linos of the spectrum. Tho spectral lines commonly cliosen 
are A', G, D, F, G' of the solar spectrum and have respectively the 
wave lengths: 0.7682, 0.6563, 0.5893, 0.4862, and 0.4341 microns 
(thousandths of a miUimetor) . 

In lists of optical glass it is customary for the manufacturer to 
state the refractive index for the mean of the two 1) lines only, 
and to give the differences in refractive indices between thi^ D anil 
0 lines, between F and D, between G' and F, between J) arul A', 
and between F and C. These differences are meoaurea for the dis- 
persion of the glass in the different parts of the spectrum and suffice 
to characterize its type. 



A derived value, namely, the ratio between the difference in 

the refractive indices for any two spectral lines, as for example, 
n,F and Ud, and the difference, n-p — ric, in refractive indices for the 
two spectral lines F and (7, is called a partial dispersion ratio. The 
partial dispersion ratios are a measure of the relative lengths of the 
partial spectra in the different glasses. The differences between the 
partial dispersion ratios of two glasses express the degree of similarity 
of their spectra. A second derived value, introduced by Abbe,' is 
in general use and is commonly designated by the Oreek letter v. 
It has been called the optical constringence, and is the ratio of the 
refractive index for the D line (sodium light) minus one (effective 
or excess refractivity) to the difference between the refractive indices 
for the and G lines (mean dispersion) ; its reciprocal is a measure 
of the dispersive power of the glass. In other words the quantity 

= expresses the effective refractivity as measured in terms 

of the mean dispersion; its reciprocal expresses the mean dispersion 
in terms of the effective refractivity. 

To correct for color dispersion and yet to obtain the desired deflec- 
tion of the light rays the lens designer combines an optical glass of 
weak dispersion with one of high dispersion; thus in a single prism 
(fig. 116) the rays on emerging from the prism are dispersed at dif- 
ferent angles and a beam of white light is thereby resolved into its 
colored components such that a spectrum is formed; in an achro- 
matic prism combination, however (fig 11c), the dispersion of the 
first prism is neutralized by that of the second with the result that 
the incident pencil of light is deflected but emerges as a beam of white 
light. The spectra produced by the two prisms are superimposed in 
reversed order so that the dispersing effect of the first glass is neu- 
tralized by that of the second. In order that this superposition of 
spectra be effective, it is obviously necessary that the relative dis- 
persions in the two glasses be the same. If in the first prism the 
red end of the spectrum is drawn out relatively to the blue, while in 
the second the blue end extends over a greater relative range than in 
the first, the superimposed spectra can not be made to fit, and a 
considerable amount of residual color will be left in the emergent 
beam. 

In lenses the designer brings together to the same focus rays of 
one or more colors; he folds the spectrum over, as it were; this pro- 
cedure is successful to the degree that the relative dispersions in 
the two glasses of the achromatic objective are similar; to the extent 
that they are dissimilar there is residual color (secondary spectrum) 
in the image which can not be eliminated. It is evident that two 
glasses produce a combination the better adapted for achromatizing. 
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the less their partial dispersion rntioH diiter and th(' more th(‘ glasses 
differ in effective rofraotivity as expreMstai in terms of the mean 
dispersion (.value). It can be provtnl that flu> differeneeH m focal 
length of a telescope objective lens fur the difTerent colors in the 
spectrum decrease with decrease in dilfereiu’e hc'twetm the partial 
dispersion ratios and increase with <leereaH<^ in dilleremv between 
the . values of the two glasses. In otlu'r words, two glaHses are the 
better fitted for achromatizing the more nearly tHpial an' their partial 
dispersion ratios and the greater the difTcwemn' in thtar e values. 
It can also be shown that the sum of the eurvatttres of <*aeh lens 
decreases with increase in difference between the . vnlm*H. 

By combining Iona elomenta of opt.i<‘al glasses of ilifbwent refraetiye 
indices and dispersions it is po.ssible for tlu^ dtssigner to ttbtain 
much more perfect images and optical performance than with 
single lenses. In the older types of ojitictvl glass, ordinary erowns 
and ordinary flints, the lead in the flint gla.ssc'.s tiominate.H tlie optical 
behavior of the glass with respeet both to refraetive index and Itt 
dispersions, so that in the aeries of (liiit glasses the ratio between 
refractive index and dispersions is praeiieally linear, the tlispc^rsion 
increasing in direct proportion with tiie refractive inth‘X for any 
given spectral line. This relation between refractive imlex and 
dispersion was used to advautage by huts designers to produce 
images of fair quality; but it also set a limit to the possibilitii's of 
results that could be obtained, and experience showssl I hut under 
such conditions it was impossible to attain tlu' degrts* of correction 
required for more exacting lens Hystems. U Ihese were to be realized 
it was necessary that new glasses of di(b*nmt relations between 
refractivity and dispersion be produced, 

The task of obtaining glasses of the desired refract ivitie.s and 
dispersion ratios involves the study of the efFeetH which ehniiges in 
chemical composition produce on the optical constants of tlu' tinishe«l 
optical glass. The oxides whidi w'ere used half a e(mturv ago in 
glass manufacture were few and included chiefly tin* oxides of Hiliea, 
sodium, potassium, calcium, lead, and aluminium. Tht' first 
attempts to introduce other elements into glass for the purp<»H(* of 
modifying the optical proportios were made by Harcourt,*^ in England, 
between 1834 and 1860 in collaboration with Sitikes; he discovered 
the effects exerted by boron and barium on the opfi(*al eoji.stants of 
glass; his experiments wore on a small scale only and ili«i not h*ad 
to the commercial production of such glasses. 

In 1880 and the following years detailed Htudies wt're made by 
Schott and Abbe, in Jena, Gonnany, where, with the financial aid 
of the Government, a number of new types of optical glass w'cre 
produced commercially for the first time. vSehott introduced ele- 
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its, such, as boron (as oxide and borates), phosphorus (as phos- 
tes), barium (as carbonate or oxide), fluorine (as a fluoride), and 
assured of a certain degree of success in obtaining glasses of the 
red optical qualities because these elements occur in nature in 
tallizod compounds, which are characterized optically by extremes 
'efractivity and dispersion. These extremes have never been 
ined by optical glasses; there is, moreover, no prospect of pro- 
glasses of these properties chiefly because of the crystallizing 
lencies of melts of such abnormal compositions. These melts 
not be chilled with sufficient rapidity on a commercial scale to 
'"ent their crystallization. Glasses of other abnormal composi- 
9 may not exhibit this tendency to crystallize, but the final 
luct may bo chemically unstable, so that the glass is readily 
eked by the atmosphere and even by the materials used in the 
ding and polishing processes; or the finished glass may be so soft 

0 be of little service in optical instruments. Glasses of these 
^rmal compositions showing extremes in refractivity or in dis- 
ion are always difficult to manufacture; they tend not only 
rystallize or to be chemically unstable, but they are prone to 
ck the glass pot and to develop other troubles, such as bubbles, 
jh are difficult to overcome on a large scale in the factory. 

ho studios undertaken by Schott and Abbe for the purpose of 
dning new types of optical glass extended over a period of years. 
30 investigators developed a number of new types of optical 
3 in which the dispersion ratios of certain pairs were more nearly 
ccord than were those of the older glasses. With the new types 
optical glass much better color correction can be obtained in 
(sal Ions systems. Their new types of glass include the series of 
)silicato crowns, of barium crowns, of barium flints, borate flints, 
borate and phosphate glasses. In these glasses the character of 
dispersion varies from type to type. 

''o shall now consider in some detail and by means chiefly of 
ffiical plots the dispersion relations in optical glasses in order to 
deeper insight into the significance of dispersion in optical glasses 
its change with change in chemical composition, 
fundamental requirement of optical glass is transparency and free- 
. from color; this means the absence of an absorption band in the 
)le spectrum; and this in turn sets a definite limitation to the pos- 

1 variations in refractivity and greatly restricts the general char- 
r of the dispersion relations. With change in color (wave length 
ght) the refractive indices of optical glass change in the manner 
trated in figures 12a and 12&, in which the refractive indices of 
rent kinds of optical glass are plotted for different wave lengths 

sftsurod by H. Rubens and H. T. Simon on a series of Schott glasses. Ann. d. Phys. u. Chem. N. F. , 

1 , 1894 . 
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of light extending from the ultra-violet through the visible spectrum 
into the infra-red. In figure 12a the refractive indices (ordinates) 
are plotted against the wave lengths, X, directly (abscissae) ; in figure 
12& the refractive indices^re plotted against the squares of the recip- 



Is of the wave lengths (l/X*, frequency squared). The glasses 
represented in figures 12a and & include the old types of ordinary 
crowns and flints and also barium crowns, flints, and borate glass; thus 
S 204 is a borate glass (nD= 1.51007, v = 58.8); 0 1092, a light barium 
crown ( 71 d« 1.67698, v = 62.0); O 1151, a crown of high dispersion 




CHAKACTERISTIOS OF OPTICAL, wlaoo. 

(71„=1.52002, 1/-51.8); S 179, a phosphate crowB {»„■= 1.56207, 
.=67.2); 0 561, a light flint (»„ = 1.57524, . = 41.2); 0 1143, a 
barium crown (nr,=1.57422, .= 57.1); 0 469, a dense flint 
1.64985, j/=33.7); 0 500, an extradense flint (no =» 1-75130, i/=»27.d); 
S 163 densest flint (nu = 1.88995, v = 22.3). 
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DISPERSIVE POWER Y\j 

Fig. 14. In this diag^m the dispersive powers of a series of optical glasses are plotted against their rc 

fractlve indices, rtn. 

It may be noted that the dispersion curves of figure 125 show an 
inflection point in the visible spectrum; as a result, the run of disper- 
sions throughout the visible spectrum is represented by approxi- 
mately straight lines in the different glasses. These relations have an 




important bearing on the development of certain dispersion formulas 
and will be discussed in a later paragraph. 

In the old types of glasses (ordinary crowns and ordinary flints) 
the dispersion increases with the refractive index (figs. 13 and 14) ; but 
the dispersion in the blue end of the spectrum increases more rapidly 
than that in the red and the spectra of different glasses are so dis- 
similar (irrationality of dispersions) that only a fair correction for 
achromatism can be attained. The introduction of new types of 
glasses by Abbe and Schott enabled the lens designer to produce much 
better lens systems than was formerly possible. 

It has long been known that if the mean dispersions of ordinary 
crown glasses and of flint glasses be plotted against refractive index 
the points fall approximately on a straight line (fig. 13). In other 
words, in these older types of glass the mean dispersion increases di- 
rectly with the refractive index. It was to overcome this limitation 
that Harcourt, and later Abbe and Schott, investigated the changes 
produced in optical glasses by radical changes in the chemical com- 
position. They found that boron and barium are especially valuable 
in this connection; in figure 13 the relations between refractive index 
and mean dispersion in the new Schott and Parra-Mantois glasses are 
also given and show how far some of these depart from the straight 
line of the old flints and crowns. 

If the dispersive powers {llv as defined above) of the Schott glasses 
are plotted against the refractive index (fig. 14), the old-type glasses 
fall on a slightly curved line; the fields of the new types of glasses are 
clearly differentiated on the diagram. This is also true when the 
v-values of the glasses are plotted against refractive index, although 
in that diagram the curve of the old-type glasses is much more curved. 

In figure 15 the ratios of the partial dispersions in the red (nn- ^a') 
and blue (na' — ny) ends of the spectrum (relative length of the red 
to that of the blue) are plotted against the refractive index, Ud. 
This diagram illustrates probably better than the others the refractiv- 
ity-dispersion relations; in it the fields of the different glass types are 
well marked. Thus in the fluor-crown glasses the length of the red 
end of the spectrum exceeds that of the blue end relatively more 
than in any other glass type; the borosilicate crowns follow next in 
order; then the ordinary crowns, the barium crowns, the barium 
flints, and finally the flints in which the relative dispersion of the 
blue (na' — nv) exceeds that of the red (wd — 

It is possible from figure 15 to select glasses differing appreciably 
in absolute refringence and at the same time to state their relative 
dispersions in the blue and red parts of the spectrum. Chemical 
analyses of many of the glasses plotted on this diagram are listed 
in Table 4 (p. 59) ; by combining graphically the information pre- 
sented in figure 15 and Table 4 it is possible to deduce by interpola- 
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shows, moreover, the extent to which the glassmaker has succeeded 
in changing the refractivities of optical glasses. The diagrajn includes 
the borate and phosphate glasses in addition to the silicate glasses. 



If now wo consider only the partial dispersions and plot, as in 
figure 16, the partial dispersion n^ — nc, njc — no and Tia' — n^ against 
nu-n/ for a aeries of silicate glasses, the result in each case is a 
straight line; in figure 10 the partial dispersions of all the silicate 
glaaaes listed by Schott of Jena, and by Parra-Mantois of Paris (about 
289 different glasses in all) are included except those of the densest 


IS 
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I'WTtt Martini iRHil V,y Sdboll. art* plnUnd aa ortllimtafi against tb® partial dlsparslon no-nA.' as abselssse. 
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flint B 3X0 of Schott. This is a remarkable result and states that 
any partial dispersion of a glnx® bears a linear relation to any other 
partial dkperaiori; the degree of departure from this relation does 
not exceed one or two units in the fourth decimal place for the 
glmmm platted. Except for the dense barium crown glasses the dis- 



tance of the points from tlio straight lino is nonunonly only a few 
units in the fifth decimal place. 

This fact, that in a series of optical glunsc's tlm partial disperHiona 
are related by linear functions, proves that once a partial dispersiou 
is given, the entire dispersion (nirve is fixed irrespfH'live of the type 
of optical glass. This means that within the limits to which this 
statement holds, mmiely, one or two units in the fourth decimal place, 
if any partial disporaion is given, all other dispersions follow auto- 
matically; in other words, a change in dispersion at one part of the 
dispersion curve carries with it definite changes in I hi* curve through- 
out the visible spectrum. Thus a .serii's of standard dispersion curves 
can bo set up mdependent of the absolute nvfractive index. I'his 
signifies that if, for any optical glass, two ri'fractive indices be given, 
its dispersion curve can be written down directly; that in case two 
optical glasses of very different indices are found to have the same 
actual dispersion for one part of the spcctriun, their dispersion 
curves are identical to one or two units in the fourth decimal place 
throughout the visible apectrum. If, for example, the refractive 
index ni), and the r value of an optical gla.ss he given, its mean 
dispersion, Uv-nv, can be computed from the eijuation uy //,• * 
(ni)--l)/p; its partial dispersuma Ui, a./, ?4 Mu. and /u/ can 
then be read off directly from figure t(> with a fair degree of aceuracy, 
sufficient,, at least, to give an adequate idea of the run of dispersion 
in the glass. 

From these relations it is possible to build up empirieul dispersion 
formulas containing two or three constants which represent the tlata 
in the visible spectrum with a high degree of exar.tnessd* 

The linear relations between the partial dispersions of an optical 
glass are valid only for that portion of the dispersiun curvi* which is 
distant from an absorption hand. With tlu* approach to an ahNor^i- 
tion band the dispersion curve departs from its evi*n C(nn>ie and w 
no longer comparable with the dispersion curvi^s of other glasst's. 
This is well shown in figure 17 in which the meuHurements of U. 
Rubens in the infra-rod and H. T. Simon in the visible and ultra- 
violet of a series of optical glasses are plotted in terms of the partial 
dispersions. The different types of glasses are named on tlie diagram 
and are identical with those plotted on figure 12. The similarity in 
the course of the partial dispersions is well showm by two glassea 
in the list, namely, a crown of high disporaion, O 1151, of refractive 
index ni)« 1.52002, and a barium crown, 0 1143, of refractive index 
no «= 1.57422. In Table 2 the partial dispersions 14 - ni, are listed. 
In this table it is evident that the partial dispersions of the two 
glasses run along fairly well together from the infra-red at 2 to the 

1 * F. E. Wright. Joura. Opt. Soc. Araorloa, IV, 14 S- 139 , 1920. 

“Ann. Phys. u. Chora. N. P. 6#, 535, 1804. 
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Jet of *6 spectrum. From here on into the nltra-yiolet 

1 crown with high dispersion, which contains 13.3 per cent of lead 



-In this figure the partial dispersions Mr— nu between the sodium line and the tollowine wavn 

KaS'thfnarti'rm as oS- 

-»t>i ior a series of optical glasses measured by H. Rubens and 

partial dispersions of the following Schott optical glasses are plotted on the diagram- 
n S 204, borate glass, (nD-.1.61007); 0 1143, dense barium crown, 

,1 * ^ dispersion, (Md-1.62002); O 451, light flint, (Md-1.57524); O 469 

lint, (71,-1.64985); 0 600 dense flint, (m,- 1.75130); S 163, extra dense flint, (tid- 1.88995) 


approaches an absorption band and its partial dispersions rise 




In this tabic the partial cUHl»crslt»fi», », s 
O 1143, aro given for a series of wave Ipngln 
0.298 Cm. 
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The different effoctn of lead, liarium, luinm, and other glaHM-makiug 
oxides are more clearly nhown in the infra-retl and nltra-violot than 
in the visible apectrmn. The maxiinni departyre frt>in nonnal dis- 
persion curves in the visible Hpeetrmn caUHiHl by the prweiiet* of 
large amounts of barium is approximately two nnita in the fourth 
decimal place. 

In the series of flint glasst's an tnereaHe in lead oxide eoutent 
raises the refractive index tuul causes the absorption hand in the 
ultra-violet to shift toward the visible Mpivirum. Huh i« clearly 
shown by the flint gla-ssos plotted in figure 12, namely O 451, O 4tHh 
0 500, S 163. Simon wa^ unable, becaUHi' of the priwnce of this 
absorption band, to measure the refractive indirw of the light flint 
0 461 beyond the wave length 0.29H() g, of the medium flint O 469 
beyond 0.3261 of the very dense flint () fitM) beytmd 0.3403 and 
of the densest flint S 163 beyond 0.4340 ft. 

Further evidence of the shift of the ahsorptitm hanti witli increase 
in lead-oxide content has been obtained by the direet meaHurement 
of the transparency of the flint glaasw in ultra-violet light. Data on 
the transmission of plates of flint and other optical glai4Hi»^« in the 
ultra-violet are given in the catalogue of optical glaswes issued by 
Chance Bros. The results of their meaaurementM tm the flint and 
other glasses are reproduced in Table 3 in which the limit of trans- 
parency of a glass plate 1 centimeter thick ia indicatetl by the 
wave lengths at which the percentage transraiwionH are 60 and 10 
respectively. 
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Table 3. — Transparency of Jlint and other glasses of Chance Bros, in the ultra-violet. 


Type 

No- 

Name. 

Tin. 

P 

Approxi- 
mate per 
centage 
PbO. 

Wave lengths (m) 
for transmission. 

sopor 

cent. 

10 per 
cent. 

7863 

Extra light flint 

1.5290 

51.6 

18 

330 

321 

6953 

Light flint . . . . 

1. 5412 

47.6 

23. 5 

316 


572 

Dense flint 

1. 6182 

36.4 

45 

337 


360 

do 

1. 6225 

36.0 

46 

338 


337 

Very dense flint 

HKisni 

33.7 

51 

347 

341 

4480 

do 

1. 7401 

28.3 

66 

370 

360 

7423 

Fluor crown 

1. 4785 

70.2 


301 

295 

646 

Borosilicato crown 

1.5087 

64.2 


316 

309 

1203 

Hard crown 

1. 5155 

60.8 


318 

311 

9322 

do . . .. 

1. 5180 

60.3 


315 

309 

1066 

Zinc crown 

1. 5140 

57.9 


323 

312 

069 

Soft crown 

1. 5152 

56.9 


314 

309 

3463 

Light barium crown 

1.5407 

59.4 


309 

307 

9002 

Medium barium crown 

1. 5744 

67.9 


338 

329 

9753 

Denso barium crown 

1. 5881 

61. 1 


358 

353 

4873 

do 

1. 6118 

59.0 


348 

335 

1453 

do ; 

1.6126 

66.7 


350 

339 

6062 

Light barium flint 

1. 5515 

51.7 


323 

320 

7983 

do 

1. 6534 

46. 1 


318 

316 

4277 

Telescope flint 

1. 5250 

51.7 


337 

328 









With the exception of the first member of this series, which may 
contain appreciable amounts of zinc or barium oxides that may 
affect the transparency in the ultra-violet, the absorption band shifts 
continuously with increase in lead content toward the longer wave 
lengths and the visible spectrum. 

The yellow color of the very dense flints has been ascribed to the 
influence of this absorption band in reducing the intensity of the violet 
and blue of the visible spectrum; other factors, however, such as 
the presence of small amounts of iron oxide and possibly also of lead 
dioxide or other oxide of lead as impurities, may have a pronounced 
influence on the color. Very dense flint glasses made of materials of 
high chemical purity and under conditions of thorough oxidation are 
noticeably less colored than glasses of the same composition whose 
batches and heat treatment have not been scrutinized carefully. 

There are other approximately straight-line dispersion relations 
within the visible spectrum which may be noted because on them 
certain empirical dispersion formulas are based. Thus if the refrac- 
tive indices be plotted as ordinates against the squares of the fre- 
quency (1/X*) as abscissae, the course of the dispersion of an optical 
glass is represented by a curve which departs only slightly from a 
straight line (fig. 126) ; these departures are commonly less than one 
unit in the third decimal place.^" A dispersion formula built up on 
this relation is the two-constant formula of Cauchy, namely — 

n==A+B/\\ 

The formula may also be written 

n-l=A' +Blh\ 













In view of the fact that the range of refractive indices in optical 
glasses over the visible spectrum is relatively limited, any approxi- 
mately straight-line relation between refractive index and a function 
of the wave length, such as expressed by the foregoing Cauchy 
formula, becomes an hyperbola if the ret'iprocal be taken of the 
refractive index or of the excess refractivity; but the portion of the 
curve covered by the visible apeetruin is so slu^rt that, even in this 
case, the departure of the hyperbola from a straight line is not groat 
and the dispersion relations are still fairly w«'ll n'presented. Thus, 
the new formula recently suggeskui by Nutting is the (»auchy 
formula, in which l/(n 1) is written for (n 1). Nutting's formula 
represents the dispersions in e.erlain cases better than the Cauchy 
formula, whereas in other glasses the Cauchy formula is the better. It 
would lead too for to present data of computation on a series of 
Gifford glasses which bear out this statement. The conclusion is, 
however, directly evident from a compariso!i of figures IHa and 186, 
in which for all silicate glosses of Schott tlu^ sejuart's of the fre(iuency 

« . fi ' 1 • . 

(1/X^) are plotted as abscissa^ against ^ reciprocal 

respectively, os ordinates. As a result of this im^tliod of 

plotting all dispersion curves pass through the unit ordinate' for the 
A'-spectrum line. The disperaion curves radiate from this point as 
approximately straight lines, the departures from straiglit lines being 
greatest in the dense .flints and also in the very light crowns and 
borosilicate crowns. 

Another method of expressing these relations is to plot the fre- 
quency scale on the horizontal lino at unit distance from the ab- 
scissa axis, to draw linos radiating from the origin through the 
points on the frequency scale, and to find the intercepts of those 
lines with ordinates equal to the refractive indices.'® The disper- 
sion curves under these conditions are approximately straight 
lines. 

These relations suffice to prove that in any dispersion formula 
(if carried only over the visible spectrum in a transparent colorless 
substance, such oa optical glass) which expresses the dispersion 
relations in approximately linear form, the reciprocals may bo taken 
of the refractive index or any function of the same and the new 
(Uspersioh curve thus obtained will again be approximatcily a straight 
line. In the ultra-violet and infra-red these relations may no longer 
obtain, and they inevitably break down oa an absorption band is 
approached. 

In figure 18a the effective refractivity (n— 1) for any wave length 
is expressed for each gla ss in terms of its effective refractivity for 

Eovlslta d'Ottica e Moccanlca dl PreoMone, I, 54-57, 1910, 

Compare F. E. Wright, Jour. Opt. Soo. America, lY, 195-904, 1920. 

method of plotting reciprocals see F. E. Wright, Jour. Wash. Awid. 8d., 

1U^ 18&~1.88| lv20« 



a. 



Fiq. 18. — (a) In this figure the ratios («r— 1)/ (n*'— 1) Iot a series of Schott glasses are plottec 
frequency (lA’) as abscissse. (6) The reciprocal ratios (»a'— 1)/ (nr— 1) are plotted as ordinatei 
The series of glasses represented in these figures are the same as those listed in Table 1 and in 
figures demonstrate clearly the feasibility of substituting in the Cauchy dispersion formula ] 
formula. 
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the A' wave length (ua - 1). The curves of this figure demonstrate 
that with rise in refractive index the dispersion also rises, and that, 
in the flint series especially, the dispersion increases rcdatively faster 
than the refractive index. This fact of increased rate of rise of 
dispersion with increase in absohite refrin^mce is also (‘h'arly shown 
by a comparison of the dispersion relations in the Hint series of 
glasses after reduction for each glass of all its refractive indices in 
the ratio njuu or ti/tia.. This procedure reduces tlu' rtdractive 
index of each glass for the /Mine or ^d'-Iine tro unity, and thus renders 
the relations directly comparable. On plotting tlu^ ratios n/ni) 
against X or 1/X® wo find that, in spite of the nnliH'tion of all glasses 
to a common datum level of ahsolute refringence («,. *" 1), tlu' liigher 
the refringence in the flint glass series the greater tlu' slope of the 
dispersion curve, thus proving the relatively greater flispcu-sion of 
the heavy flint glasses. 

The foregoing relations, together with other ndations, .such as are 
shown by graphical plots in which: (a) is plothal against 

(h) against the wave* hmgth, X^, dirt'ctly, (e) 7ir 

TLv ~ Til) Ui) 

against Xr, (d) nr against demonstrate that llu' a(’tual slmpe of a 
dispersion curve in optical glasses can be ehangi'd only in a didinite 
manner and that the departures from any one of tlu' set of standard 
dispersion curves do not exceed two units in the ftmrth (hudmal place. 
The effort of the glasamaker is thendore necessarily directed toward 
the production of glosses of different ridringenet's for the same 
general run of dispersions. 

In the foregoing paragraphs the <hapersion relations in optical 
glasses are presented on diagrams in some detail and from differ- 
ent viewpoints purposely, because they are of fundaimuital impor- 
tance to the study of dispersion not only in optical glassi's, hut also 
in other colorless substances. They indicate clearly the limits which 
the glassmaker has attained in his efforts to produce different types 
.of optical glass, and demonstrate that the paths which he* may follow 
are narrowly prescribed. 

RELATIONS BETWEEN CHEMICAL COMPOSITION AND REFRACTIVITY. 

The study of the refractivity relations in optical glassc's, as ilhia- 
trated in the foregoing diagrams, indicates that certain chemical 
oxides in combination with silica dominate certain fields. To 
determine these relations, chemical analyses are essential. Unfor- 
tunately, the available analyses are not all of equal value, 'ruble 
4 contains the beat chemical analyses of optical glasses who.se optical 
constants are given and are at present known to the writc^r.®** Many 
of these “analyses” are synthetic compositions computtM from the 
batch compositions; in the table the sum in each “analysis” of this 
type is either 100.0 or 99.0. 





Table A. -^Synthetic and actvxd cJiemicdl analyses of optical glasses 

In this table and accompanying legend are listed the chemical composition, the retractive index tzd, the v value, the 
glasses so fer as these have been determined. The abbreviation Zsch. refers to the list of chemical analyses publish^ m 
Vol. I, pp. 869-889. 1914. The abbreviation (W) refers to the list of glass analyses published first by Winkelmann m th 
# 1 , 105, 1897; and later reproduced in Hovestadt’s boot on Jenaer Glas, Jena, 1900. 

ORDINARY CROWNS. 
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ii. ffwra.— O E. T. Alte, acalrst. J. Am- Cmam. &«., I, TM, ISIA Hiih F^O», 6-01; As 

F-C— MOBS: r.n^a xA^ - G'-F-«C®frfe. 

lA Bm^te^fTWira.-&tot0«i0 55% ZAmmm,m>. WM&MBtO*.®-!. P.D.: 

It. O -UStO 2«fe. M. P. B.: F-C-SJMK; B-^’-CJesSfi; F-i>-SJ0^ 

m etwa.— O 37i 4O M3 •: Z*A- IW (W »'■. P. D-; F- C-®.0»fc i>-A F-iJ-aa^; S' 

a. »rs.--K«i»l€^.. €e. E. T. Ate, Wills FtsO*, ft.®; MEfO®. im &.1T; HjO, ©-Ift I 

». B«^tos#awrs-~*teioioiom.oiaes. p d,-. F-c-®.aa^;i>-A’-.ejMa&; f-b-^ 

SI. Ba^teie © «. ZmA- m W »■.. P^ I?.,; F-C»-6.^m. JJ-J'-a-ma F-I>-a.*«; fif-F-2 

IS. © m z*fe. IS3. mils p, li.: F-c-»a.a«i; 3- A F-^i.aii«. i 

IIKT SmCATS CSOWK. 
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BABICM CEOW'KS. 

». o HJ CO ?. I?.; F-r»Qjes« r-j^urnm. s^-F-Cia 

a, Itewatawm.— O S?. 1. 2 :»a»s®3|«. 1. as. C*®ss. Sar_^ 1, slii, Itll. Will FfiO* 6.SL 

m Watt 0 wb,- 8A« 0 at CO m,. 144 ■ w. 

^ ferfara Sp^KSST Les Css- C. K. Feaa«, J . As. Os&a. Sae., 11. l-U, ISIt. 

SI. Baitam mwra.— Seimi O Sli iO ISSS^. Z^ii. JC. 

n. Baiiam WWB.-S^mt O ML Za&. iJ® ■ W. S 5 '. HssOi, «.L P. B. F-T-tilTO; F-B- 

S. O 2li (0 1143}. l». Wsih Ms^ 0.1. P. D.; F-C^mimi F-J>- 

SL B^iism jOTTO--SdK« O 111. E. T. Ate, assiUj^ Wills a§i; 1^, Hrf). ail, §.M: Ci, om 

3a. teism cstwiL— Sctet O ai CO Z«&. IlC 

M 'tterimw imwn — SAMt O "i®. %^1. US. 

37. ]teiiim rawD.— SedMitt O ^ E. Zi®, aealjsl. J. Ass- Cmis. &Je. 1, TSIj 1»S, ■ftlslsAljO*.*-F^^i.®A^Oi« 
0^— F”«a oo^i ,. 

^ Btrima «TOra.-SdM« O ms CO mii. Zsels. ia. WiOi ai. 

OT. Jtorismi axmn.— 8dM« O ms. E. T. AS«a, as^S^ 7. Asa. Cmmm. Boc^ I, 7M, iSlA With FejOj* a02; A^lA, 

(F-F-cuxme. 

m. JteiomCTtmii.— S cImAI O 2122. Zsch. la. P. D.: F-C-aoes^ 1>-A'— a€0m; F-Il-aeo^; 0-F-»O.a&M. 

4L Baiitnn crowii.— SdKAt O 2122. E. T- Alto, affl&lfa. J. Am. Cmm Sac., I, 7 ^ ISIS. With AljOs'-Fe^f-S.l 

42. Barium mown. — ManUss. Zadi. 127. 

43. Barium crown.— Sdirtt O IBS {O mSX Zsch. Wt (W. lA 33). Bills MojO^ 0.1. P. D.; F-C-0.§ltt^ D-A’^^O. 

44. Barium crown.— SdtsMt 0 2071. E. T- Allen, analrsi. J. Am. Csam. I, "si, ISIA With A!»Oj, 5.9^ -AssOt. 8 
«. Barium crown.— SdKAt, O aJTl, Zaeh. 160. P. D.: F-C»OillOS7; i?-A'“>0i»665; F-B-0.007»; G'-F-S.0i^. 

FLIKTS. 

46. Crown of hi^ disperson.— Scbott O III, Zsrti. P. D.: F— T— OiSOSlO; 27— .l'«O.OOS77; F— i>=0.a)6f2; 0'— F— £ 

47. Flint.— Schott O tel (O 1151). ^ch.30. With MnjOj, 0.1. P. D.t F- C-02)KE6: i?-.4'»0.0e6«: F-B=O.Oa727: ( 

48. Flint.— Schott O 381 tO 1168). . Zsth. 29 (W 55). 

49. Flint.— Schott 0 381. E. Posn^k, analyst. Blth FeiOj, OiB: Mn-Oj, 0.04; HiO, ai5. 

50. Flint.— S<dMAt O 381 (O 2074). Zsch. 27. With ItojO,. O.I. 

51. Flint.— Schott O 381 (O 1335). Zsch. 20. 

52. Flint.— Schott O 726 (O 3149). Zsch. 86. P. D.: F— C'=0j0n42; P -.4'= 0.00711; F— P=0.0iK10; 0'— F=0.006®. 

53. Flint.— Schott O 378 (G 3f«7). Zsch. 88. P. D.: F-C— 02)1193; P-A'=02)0TW; F— P=0JXR17; 0'— F=02XJ7tg. 

54. Flint.— Schott O 154. E. T. .AJlen, analyst. J. Am. Ceram. Soc., 1, 784, 1918. With FcjOj, 02)2; As*Os, 0.1^- HjO, 0.2 

02)09e; G'-F=0J0O791. > . 

55. FUnt.— Schott O 154. Zsch. 89 (W 47). With MnjOs, 0.1. 

56. Flint.— Schott O 569 {O 451). Zsch. 90. With MnsOj, 0.1. P. D.: F— C=02)13S5; P— A'=02X®53; F— P=02X3^; 0 

57. Flint.— Schott O 340. E. T. Allen, analyst. W'ith FejOs, 02)2; HjO, 0.08; SOj, 0.10; Cl, 02)3. P. D.: F— C=02)l^; 


58. Hint.— S^>«aic« I-«is (ki. C- M. J.A^eea^. ^ lA /s'— 

58 . IKnL— ^^KloS (O 'B89). Zseii.tl- K D.r -OMBm; O’ f 

SO. M!it.-^>®WKLeaisOo- C.N. Feu^. m im n_a®tiii- #r-F=.iSia« 

61. Hint.— SclHrtt OHS (O^). ^^82. f . 

82. Hint.— &hott O 167- E. Oes, ana^ J. ^ Caam. 1, «S 
63 , Mnt.— N*aooal Opt. Co- E. T. Atei, amlprt. J. Am. Ceram^ &«?.. 1, 

6 ^ FBnt.— SdKrtt O SST?- ziat. 9i- P. D.: P— C—ftJtHS; D—A F— IJ—tJiatt; 

«. Hint.— O 331. Zsdj- 16. WEi MtbOs, S-l. 
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m. rant.— SdK^ O US. E. T. A^m, WaS AisOrf 

«. Hint.— Sc^ Q Uf CO ^}; MnaO*. StI 

p. D.; 3 -d F-if>^oMsam &’~F-^§.mm- 

T.Dj: F-C-&^mr„ l>-J'-9i»lMi F-J^-^^MXSX ©'-F-i-.eiim 
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BOSATE GLASS. 


103. Berate ^ass. — SdiottS196. 2;sdi. 171 (W 2). 

104. Berate glass.— Sdiejtt S 204. Zscb. 173. 

i(K. Berate i^as.— Sediott V S 4^ Zseii. 1S7 (W 42), 

106. Berate ela^.— SedieAt S 4. Zsdi. 1%. 

107. Berate pass.— Seam S 99. Zsdi. 1^. 

1{8. Berate gla^ — Se±K)tt S 120. Zsch. 170 (W 16). 

109. Berate ^ass.— SdieTt V S 665. 164. 

no. Berate glass.— Sediert S 1S5. Zscb. 163 (W 1). With lijO, 5.S. 

111. Berate glass. — Seiertt V S 458. Zsi. 166 (W 43). With li:0, 6.0. 


PHOSPHATE GLASS. 


112. Phejsphate^ass.— SdrAtO 22S. Z^. 179 CW 9, 37). With MgO. 4B. P. D.; f’-C=0i)G737; D-A '=0.00483: F-JD 

113. Phesplate ^a^— Sdiert S 219. Zsdi. 178 (W 27). WiUiMgO,4jO. 

114. Phosphate ^as.— S. 206. ZsA. 177 I W 13). 

115. PbeBphate^ass.— Sedbert S 95. Zscb. 174 (W 14). 

116. Phosphate gi8SS.—&±ott S S). Zsdi. 175. P. D.: F-C-^OJXm: D-A '-04)^W: 0.00622; G'-P^O.OCSOO. 

117. Ph^lMtc^ass.— Schott S 15. Zse*. m. P. D.t F-C~OS)Om: D-A'~0J0mV, F-D~QJX3m: 6'-P-0JX»21. 



Table 4 includes 16 precision analyses of a number of types of 
foreign optical glass; these analyses were made with the greatest 
care by Bis. E. T. Allen, E. Zies, and E. Posnjak, of the Geophysical 
Laboratory, and are interesting not only because they furnish reliable 
data on the essential components of the glasses, hut because they 
prove that the German glasses contain almost negligible amounts of 
impurities; in short, that the excellence of these glasses is the result 
of the use of raw materials of high chemical purity and of crucibles of 
resistant qualities. The analysis of optical glasses is not an easy 
task and special methods for such work were developed and per- 
fected by Allen and Zies.=“ Table 4 contains also a number of 
selected analyses (largely synthetic and deduced evidently from the 
batch compositions) from a list published by E. Zsohimmer m 
C. Doelter’s Handbuch der Mineralchemie, I, pages 869-888, 1912, 
Many of the analyses in" the Zschimmer list were published first by 
Winkelmann and others and are given in the book on Jena glass by 
H. Hovestadt (translation by J. D. and A. Everett, London, 1902) 
on pages 146-147. The Winkelmann-Hovestadt numbers are in- 
cluded in Table 4. A number of these synthetic analyses have lieon 
checked by chemical analyses of the glasses; the results have been 
in general in fair accord. Analyses computed from the batches of 
certain other glasses are also included. In Table 4 the refractivo 
index riu, the v-value, and the density of each glass are listed; also 
the dispersions of the standard type glasses cited in the optical glass 
lists of Schott and of Chance. In each case these dispersions aro 
sufficiently near the actual dispersions of the glass whose analysin 
is given to be substituted for them. 

The simplest series of optical glasses is evidently the flint series , 
and for this reason this series was studied first and certain compoai- 
tion-refractivity relations were deduced from it. The chemical 
relations (weight percentages) were plotted on a triaxial diagram, 
such as is commonly used in representing the relations in a throe- 
component chemical system. 

The fact that, for the members of the flint series, the rofractivity 
relations are expressed by means of smooth continuous curves in 
the foregoing diagrams 13, 14, and 15, indicates that this series is 
analogous in its behavior, so far as the flint glasses are concerned, 
to a tWo-component system. If so, the chemical composition of 
these glasses, when plotted in the triaxial diagram, should be found 
to fall on a straight fine. In figure 19 the weight-percentage com- 
positions are plotted directly; the three components are silica (SiOa), 
lead oxide (PbO), and the alkali oxides (Na^O, K^O). The points 
on the diagram include all available compositions of flint glasses. 
The potash fliuts are distinguished in the diagram from the soda- 
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CHEMICAL COMPOSITIONS. 


potash flints and from the soda flints. The compositions of all the 
glasses plotted fall on a practically straight line between the composi- 
tions: Lead metasilicate (PbO.SiOj) and the potassium silicate glass 
of the composition (KjO.flSiOj), or the sodium silicate glass of the 
approximate composition NaaC).4SiOj. The optical constants of a 
synthetic potassium silicate glass of this composition were found to 
be ni>“ 1.4836, j'--=6I.O. 


The entire flint series is analogous chemically to a two-component 
mixture; and, as such, any one of its physical constants such as 
refractivjo index, »/-value, or density varies continuously with change 



Fio, 19, -Trlftxlttl dUftgTftm Bhowlng the welght-perwUege eorapoiUlons of the potash flint, soda-potash 

flint, and stKla-fllnt glossM. 

in composition. This variation is illustrated in figure 20 in which the 
variation in the chemical composition is represented along the 
abscissa axis as weight percentages of lead oxide. The ordinates 
give then the values of the refractive index for sodium light, the 
v-value, and the density for the glasses of the several compositions. 
Smooth curves passing through these points enable the observer to 
read off the percentage of lead oxide required in a glass having any 
desired constant represented on these curves. In figure 21 the changes 
in other optical constants (partial dispersions, v- value) os well as in 





OHARAt'TBRIHTICB OF OPTICAL OLAHS. 

changes are repreaented in the (lint aeries hy arnoolh eontinnous 
curves. The diagram ahowa that the Hint ghiHS(*K are characterized 
by higher disperaiona and a relatively int*re rapid rise in dinperaion with 
rise in refractive index than is the case in the ordinary crown glasses. 



WEIGHT PERCENTAGE PbO— 4 

Fio. K),~In this diagram thwa are shown tho rhungt^s in thi» rtensior «snl itw* 

Index, tidi and r) with changes in Itwl oxide in tlw fltn* srfira of glawfsn 



uiemiy cieinonatrauea, anouia Have ciiosen the particular compositions 
along the single straight line in the concentration field. The reason 
is not far to seek. Melts whose compositions lie above the line an- 
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Fto/JJ. -ItuhlRfliHKnim thwehttriRw In lh« partial dUpersIoni, ni.-n«-; nr-n#; nc-nr, In the 

t'- vbIuw and in the Iwul o'cjtle ( f'tiO) wntniil with dmiiRes In refractive index, np, are shown for the 
flint swlwi of RittWM, The ratify of fwnlaj dispersions In the ordinary crown glasses with changes In 
the refractive Index, Hb, are alwi Uliwiraled. 

proach pure silica in composition and are extremely viscous and melt 
at such high temperatures that they can not be produced in furnaces 
of the ordinary type. Glasses whose compositions are given by 






{!irAltAC)TKHIHTil‘H (»F OFTtCAI. (iLASh. 

composition. Glasses high in alkali melt easily, hut are soft and 
extremely hygroscopic and thcrcft>re unnuitahle fur optical purposes. 
Glasses high in lead melt readily, hut tend to cryHtallijse with great 
ease and hence are unsui table from the ghmw maker’s ntandpoint. 
The glassmaker is thus forced to a<lopt tlntse compositiona which 
melt readily, which are not hygnmctipic. ami which do not crystal- 
lize too readily on cooling from high tcmperaturea. An extended 
series of experiments by Mr, Olaf Andersen at the Geophysical Lab- 
oratory, carried out on a amall «c-ale in the lnh<!rat«jry in platinum 
crucibles, corroborated the above concluHioitH in tletail. 'Fhe results 
of his studies are to be puhliahetl later. 
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Cttte orowwH, barium cwwhs, rtlnla, Iwium flis.i* T«bb» 4. 

In figure 22 a compositt' iliagram of the relftti«fni4 in both the 
crown and flint silicate gla»w*« of Table 4 w presented. The rangd 
of compositions in this diagram, as in figure Hi, i« retitricted to a 
fairly definite band; the reasorm for thw narrow belt of comptwitiona 
axe given in the foregoing paragraph. Although tliere i« more lee- 
way here for the glassraaker in the matter of compwitionu, there 
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CHEMICAL OPTICAL RELATIONS. 


required by the Army and Navy; our task consisted essentially in repro- 
ducing these types. The first problem was to devise and to develop 
manufacturing proceaaes competent to meet the situation. The impor- 
tance was realized of producing optical gloss of uniformly high quality 
in which the departures from the standard types are negligible. 
The lens manufacturer can not afford to change his grinding and 
polishing tools with each pot of ghiKs received in order to cope with 
large changes in optical properties which may occur from melt to 
melt. It is the task of the manufacturer of optical gloss so to control 
his manufacturing procesaes that large departures from the standard 
type do not occur and the variations in optical constants from melt 
to melt of the same type are small and negligible; like other tasks 
of high precision these (utnditions arc not always easy to meet. 

The glassmaker must hold his gloss to type within narrow limits. 
This is obtained from melt to melt by use of raw materials of high 
chemical purity, by controlling a(‘curately (.he furnace temperatures, 
by using chemically and thermally resistant pots in which to melt 
the glass, by proper stirring methods to insure thorough mixing, 
also by adding to the molten batch ingredients which change the 
optical properties (as metisurtul on proofs taken of the glass melt) 
in the direction required to have the finished product conform to 
the standard type. 

In Figure 23 are plotted the variations in refractive index ?ii, for 
series of melts of optical glasHos of different types. These glosses 
were furnished before the war by Schott und Genossen and by 
Parra-Mantois to an American manufacturer and indicate how 
clostsly in these specially favorable examples the melts were hold 
to type. Faeh point on a curve of refractive indices represents 
a different melting. In other glasses the melts do not run so closely 
to type. In general, the gbisH('H manufactured in this country showed 
at first Bomewhat greater departun*® from type than the European; 
but during the later months of the war after l>atch materials, quality, 
and treatuKuit of melting pots arul furnace conditions had been 
improved and placed on a l)asiH of better factory routine the varia- 
tions were no greater than in the European glasHes. 

An interesting stories of measurements of the variations in refrac- 
tive indices of optical ghias fragments broken from different parts 
of the same melt wjis made by J. W. Gifford,” who found differences 
of 0.00033 in the case of a dense barium crown; as a rule the differ- 
ences were restrictetl to the fiftli decimal place. 

In general, the refractive index of a glass typo may vary from 
pot to pot by several units in the third decimal place; with certain 
glasses, such as horosilicate crown, the departure from typo is loss 
and restricted practically to -t 0.001; the v-value may vary several 



any one pot MhuuUi be tumHlant in rcfwttve tmlex within neveral 
unitH in the fourth tleriinal plai'e; m hhuu* ptitn iht‘ tiilTerenco be- 
tween extreme limitii may be O.iHHiK, init <umuiH»nly iliey are \m 


Fiq. 23.--(.urve® Illustrating the varlaUnns In r»»fr»rl(vp imtrs, «*,. a«»f« j<«4 m {«»! «t rnrlN i4 »m* 
type as furnlshwl by I’arfa-Manlols an4 by Sc'hBii antt panjnuinf 

8-nall«t variations of a number of atRiir<*nt ty{*« frtun ^thith it»e a«t«tu«»io »n#«tc tuwch 
case all tbe melts of each typeseliieied are plotiM on iha (tiaufam h a nuvr- tppfpwiiis 

a dllTerent melt. The types reprwenied by the njfvtw ate ihMwtiiim «lni. »ip- 1 M»<*. Matiioh. 
(11) lifEht Hint, nn»»l. 8687, I’arra Mnntols; (til) biirlum light llltu, «*,- 1 Tvi*** tt ‘7«, Hrh«T>tt sml 

Gen.; (IV) dense flint, Type t) IW, Bohotl an4 tien . fV>,S«fl«itH sjhretf ^08*111. e«. — I itTM, 
TypeO an, Schott and dan,; (VI) b^»Ulmi« eroen. n„-.i ajoti, Trtw t» Hi.sk-htdi #»»4 . iVIlj 

boroslllcate crown, ne-l.SlM, Type O. aW, Mott and tsmt 


than this. The refraetivc index of a distinetly alrmtetl |M»rtii>n 
of the glass may and commonly dtH*a differ from that t»f tlie HUf” 
rounding glass only in the fourth decimal place. Tin* refract ivt* imlcx 
of a stria is commonly lower than that of the adjacent glanM. 






OPTTC^AL GLASS TYPES. 


The optical constantH of the principal types of glass produced 
at the several plants in the United States during the war are listed 
in Table 5. In this table only the more important types are included. 
The list could be increased manyfold if the variations or departures 
from type were included. This factor had to be taken into account 
in the specilications for optical glass furnished to the Army and Navy 
because in the early months of the war great diinculty was expe- 
rienced in obtaining satisfactory melting pots which were thermally 
and chemically n'sistant. Tlu' difliculty arising from a wide range 
in refractivities of glass types was ov(‘rc.ome to some extent by 
dividing tlu' glasses of each geru'ral type iTito lots so that the range 
of refractivities in each lot was relatively small; the variations within 
the lot were then within the tolerance limits set by the manufacturer 
of the particular opticial instrument for which the glass was intended. 
Under the stress of war activities this procedure was not always 
observed, and manufacturers received ghuss which necessitated 
changes of tools and eonsecjuent retardation of production. In war 
time the importanee of ('ompetent personnel to handle such details 
can not be overemphasized; the lack of appreciation of the signifi- 
cance of technical details of this nature causes loss of time tind money 
and may become serious in a crisis. 


Tahi-k rt,» List of optical constants of iirincipnl glass types manufactured in quantity in 
the (fniten Slates during 
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III, FEEEIXIM FHOM (X>U>U. 

Color in optical gloss is caused by the prtwiicc tif certnin coUiring 
agents, which ore generally difficult U> eliininati' fnim the raw 
materials, especially from the sand that goes inlt> the glawi batch. 
Iron in appreciable quantities may also bo inlrtaluced tw a rcHult of 
solution of the walls of the pot. Copper, nickel, cobalt, chreimic 


FKEEDOM FROM COLOR. 


oxide, vanadium, or manganese may also be responsible for some of 
the coloration. A very small amount of certain of these oxides 
suffice to produce relatively intense coloration. Iron oxide is the 
chief source of trouble in this respect. In the ferrous-ferric state it 
produces intense green coloration, in the pure ferric state the result- 
ing color is pale yellow. 

Chemical analyses show that the best European glosses contain 
less than 0.02 per cent Fca (),; if the iron oxide content exceeds 0.05 
per cent the glass is colored noticeably green or yellow green. The 
exact hue produced by a given amount of iron oxide is different for 
different glasses; in the barium crowns the (u>l()r is green to bluish 
green; in the flints yellow to greenish yellow; in boroailicates a 
relatively large amount of iron is required to produce decided colora- 
tion, whic.h is then gray green or gray blue. The amount of iron 
contributed by the pot is a serious matter and may e(iual or exceed 
that contained in the raw materials. Analyses show that the clay 
used in the German pots (u)n tains less than 1 per cent; in the clays 
used in this country it is c.ommonly over 2 per cent. It is probable 
that in some of tha glasses alight traces of a coloring agent, such as 
cobalt, may be present and affect appreciably the color and espe- 
cially the transmission of the gloss; tlie delinite percentage effects 
on transmission of alumina and of the colorless oxides, such as the 
alkalies, alkaline earths, boron oxide, and silica on the light-trans- 
mission is unknown. 

Experience with glass containing small quantities of iron oxide has 
proved that the resultant color of the glass is largely dependent on the 
state of oxidation of the iron; thus a decidedly green colored glass, 
if melted in a platinum crucil>le heated in an electric resistance 
furnace, becomes practically colorless under these conditions of high 
oxidation. In cose manganese be present, the color may even shift 
to a decided purple. The effect of different degrees of oxidation 
may occasionally be observed in glass broken from a large melting 
pot, especially near the top margin of the glass mass. In this periph- 
eral portion the color of the glass may change rapidly from decidedly 
green to colorless to purple. The following analyses of two samples 
taken from a large pot of flint (calculated synthetic composition; 
vSiOj 46.4, FbO 45.8, K^O 2.7, Na,() 4.7, B/b MnO 0.075) in 
which these, color differences appeared, prove that the amount of 
manganese oxide present is the same throughout the mass; the man- 
ganese is calculated in both samples os MnO; the state of oxidation 
was not ascertained. 



The chief objection to a nli^hi nnioimt of color in the fact that it 
indicates a gloss of relatively low trnOHmiHHiou. (Uoss intended for 
prisma, in which the optical glasH path is n<‘<M‘HSHrily hmg, should be 
relatively less colored than glass intendt'd for tliiii lens eleinents. 
The quality of optical glass witli respect t(» color is best iisciTtained 
as it is broken from the melting pot and can la* observed in piecea a 
foot or more thick. Under these <Mmdi(ions all glass is appreciably 
colored. The same phenomenon can be sccti im wimhiw or plate 
glass which appears through the plate to be {‘olorless. l)ut, when 
viewed through the edges, it is relatively dark gre<’ii tjr yellow or 
blue green V 

IV. hkjh dkokkk or tha.n'.scahknov. 

This implies freedom from etdoring agents which icmt to nlworh an 
appreciable portion of the inculent liglit. In llic bent Kiiropean 
glasses the' lighUabHorption ranges frj»m (j.:i to (i.tl per cent per 
centimeter thickness of glass path. High trnnHmiHjiion i.s attained 
primoi'ily by the use of raw materials of liigli cdiemicnl purity and 
by melting the ghwa in chemically resistant pots tmder c!)nditi<ms of 
high oxidation. The use of decoltjring agents k ntjl to be rccom- 
mended, because they comimmly function by (smtrlbuting to the 
glass a color complementary tt) the color which wtndd otherwise he 
obtained, the resultant effect being neutral gray. By this mctlual 
relative freedom from color can be hntl, but iudy at the expemse of 
the light transmission. 

High transparency in optical glass b>r luihtary instrtmients is 
important because on it the bright ness of the visual image depends 
and with it the ability of the eye to detect detads of distant objects. 
The bettor the Army and Navy can see the mon’ clfei'tive an* they 
in the presence of the enemy. 

The treatment of polwhed gUtm HurfneeH to rrduct- the tinonint e/ lujhl 
reflected,— Two factors contribute toward loss of light in a given 
optical system for a given intensity of iilmninntion of object. These 
are: (1) Absorption of light hy the gloss itself; (*i) reflection of light 
from the surfaces of the lens and prism ch‘mcntH. Theon’tically the 
second factor has a definite limiting value winch is fixed by the 
refractive index of the reflecting glasH. lAsr vertically incitlent light 

this value is expressed by the Fresnel equation ' ^ j | * hi which n 

is the refractive index of the glass. 

In 1892 H. D. Taylor®® discovered that old phot(jgraphic lenses 
which had become slightly tarnished were faster than new lenses of 
the same aperture. Evidently the exposed surface was nuulified in 
some way su ch that it reftected less light than before. I'oylor 

>• The Adjustment and Testing of Telescope Objwjttve*. puWialwd tn iw by T 1 1 tAt. *>} Vtsik. Knglatid . 



TRANSPARENC’.Y AND REFLEOTINO POWER. 


experimented with the problem and found that by the uho of certain 
chemicals ho was able to decreaHo the amount of light r(dlv;cted by a 
given glass surface, lie did not, however, reveal the actual chemicals 
which were used except to state that hydrogen suli)hide and alkaline 
sulphides reduced the reihx'ting power appreciably. Recently F, 
Kollmorgcn has been able, by treatment of glass stirfac'cs, to decrease 
the amount of light lost in an ordinary Hint or barium crown lens 
from 8 to 10 per cent to ,'1 or 4 per cent. Experiments of similar 
nature were also made by Dr. II. Kellner” and similar results were 
obtained. 

In view of the imfjortance of this matter for range finders, peri- 
scopes, and other military o[)tical instruments a series of experiments 
was hegim by Dr. J. B. Ferguson and the writer during the early 
months of the war. Unfortunately other matters prevented the 
completion of fiiis task, Init the results thus far attained are of 
interest. 

Polished specimens of light flint ghiss of refra<’tive index 1.570 
were immersed in solutions of different comumtrations and held ordi- 
narily for 18 hours at 80® f.'. The experiments proved that with a 
given concentration of sohition the surface change is a gradual proc- 
ess, and that, for the best results, time-temj)erature-coneer)itration 
relations are recpiired for each solution witli each type of glass. 
With the light flint specimens the greatest reduction in reflecting 
power was obtained with a 1 per cent solution of acid sodium phosphate 
(NaIl 2 P() 4 ) acting for 18 hours at 80® (\ Solutions containing 2, 
and 20 jter cent of the salt were trie<l, but these reduced the reflecting 
power less. Other solutions nearly eriual in effectiveness arc: Fhos- 
phoric acid (IljPfh), 1 percent; copper sulphate (UikSO^), 2 percent; 
nickel sulphate (NiSfh), 2 per cent; ferric sulphate (FcafSChh), 2 per 
cent witfi a little free HjvSfh; potassium dichromate (K/lraO;), 2 per 
cent; less effective are solutions ol potassium arsenak^ sodium arse- 
miUs copper chloride, xinc chloride, nickel chloride, C(»balt chloride, 
pot^lssium iodide, eoi)per nitrate, ueetic acid, potassium chromate; 
little, if any, effect was obtained with sohitions of ferric nitrate, 
magnesium sulphate, zinc sulphate, copper chlorate, potassium 
chlorate, potassium sulphocyanide, potassium fluoride. Solutions of 
alkali salts, sueh as sodium earlumate, sodium bicarbonate, potassium 
(‘arhonate, ammonium carbonate, etch the surfaces but do not 
decTetwe the reflecting pt)wer to any extent. In solutions of sodium 
sulphide and potassium sulphide a sulphide film is formed on the 
polished surface. 

It is an interesting fact that the light reflected from a treated 
surface is in rnont ctmeH ar>nreciahlv colorefl: thi.s color is commonly 



a faint bhie or blue ?iolet, but in tho raw of BamploH treated in aolu- 
tions of pofcaaHtum bichr(>mat<\ ropper nitrate, borax, potaaaium 
arsenate, the color of the reflertetl is noticeably yellow, 
Specimona of boroailveale crown glasa wort' treatinl in similar man- 
ner and showed similar {ierreaHCH in reflect inn: power, (hmd results 
were obtained with solutions of ferric Hulphate. I ami 2 per cent; 
copper sulphate, 2 per cent; potassium bichromate, 4 per cent; leaa 
satisfactory are aolutions of copper nitrate, acetic acitl. borax, potaa- 
aium binoxalaUs nickel aulphaie, acid Hodium phosphate. The time 
of exposure in all these experiments was IH hours at Ht)“ V. 

Samplea of light barium m>wn glasa were fount! tt> he readily 
attacked. Weak solutkmH of nteke! sulphate, acid .Hodium phosphate, 
copper sulphate, ferrous sulphate, phosphoric acid, aeetit' aeitl, cop- 
per chloride were tried; in all eaw^s a decided tltHTcase in rtdlecting 
power was observed, but the aurfaces were notieeably ettdieti, indi- 
cating too long exposure. 

To account for this phenomemm of tleert'anetl reflection belt»w the 
theoretical limits three tentative hypothwes are suggt'stetl: 

1. A thin surface film of very low refractive index is deposited on 
the reflecting surface (adsorbed film). 

2. There is selective aoUition at the surface such that the ri'fraetive 
index of the exposed reaidual surface is greatly Iciwertni. 

3. In the process of efccdiing by the attacking sedation the atirface 
becomes covered with minuk^ pita which are small compared with 
the wave length of light. Light waves impinging on the reflecting 
face encounter a plateau surface conHisting «>f the remnants of tlw! 
original polished surface with the intervening air ptwkets above the 
etch pita. As a result the etched surface behaves optically in its rellecl- 
ing power os a material whose reflectivity is erpial to the sum of the 
reflecting powers rwpeckvely of the expoawi plateau elements td the 
glass, and of the intervening air spacM which are no small that they 
do not cause appreoiable diffraction of the light wavm. 

The changes in the intensity of normally inchienl light on reflec- 
tion with change in refractive index of the reflecting medium as 
computed by means of the Xf'rtwnel equation are lisknl in Table fl. 

Tablb 6.— Perceatoy« of inMml lijht reji^t.ttd frmt « mn^jh }mtished mrfatt. 
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Those oornpuUitions indic.ate that a glass surfjioo rellecting only 2 
per" cent of vertically incident light must have a refractive index 
1.329, which is less than that, of water. 

The fa(‘.t of the lowi^ring of rellee.tiiTg power by treatment in solu- 
tions is established beyond ({uestion. The change produced is 
so permanent that it does not disappear on ordinary ru])bing or 
cleaning the surfac.e or aft(‘r severjd years’ exposure to the. air. Such 
surfaces show Ji tendTUicy (o appear faintly (‘.olored (blue or violet)' 
in rellec.ted light depending on the solution employed and also on 
treatment (polishing) *just before immersion in the solution. If 
the refractive indices of origitial and t.nnited samples are measured by 
total reflection methods no difference in refractivity between them 
can be delected. 

The three hypotheses cited above jire Tint of ecitial probability. 
The fact that the rellecting power can be lowered by immersing the 
glass Hurfa(‘.e in solutions of widely different character, and that the 
surface can not be rubbed off is dillicult to explah\ by the first 
hypothesis. The refractive index re<niired theoretically to give such 
low reflecting power, an<l the fact that the index of silica glass is 
about 1.4()() is aTi argument against the second hypothesis. In favor 
of the third hypothesis is the observed cluinge in refraetivc index 
of the 7,eolit<‘s and some other water-hearing compounds, namely, 
that on loss of water, the refractive index of the mineral is lowered 
and not raised as one might possibly expec'.t. 

During the war this process of treating polished surfaces to reduce 
the reflecting power was not developed to the j>oirit where it could bo 
adopted ns a routine factory operation: before this can be done more 
experimental data are recpiired. The po.Hsibilities, from both a 
theoretical and a manufa<’.turing viewpoint, are, however, great, and 
warratit further detailed investigation of this subject. 

V. inon DKoiiKK or htauiuty, noTir oiikmical and mYsiGAi., 

The glass should be of such composition that it is weather resistant, 
does not tarnish readily, and retains an optical polish well. For 
most types of glasses this condition obtains; but in a few types, 
such as certain dense barium crowns and the borate and phosphate 
glasses, the lack of stability may cause trouble if tlie lens elements 
are not athujuately protended from attack. Glasses high in alkalies 
are much less stable than glasses low in alkalies. Hardn(^ss and 
toughness are also a function of the chemieml composition and of 
the stale of annealing of the glass. The glass should be hard and 
tough, so that uiuh'r ordinary field conditions the exposed surfaces 
are not easily scratched and damaged. 

Experience witk glasses in the Tropics has shown that the high 
temnerature and humidity existing there are potent factors in 
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coating may form which gradually dims the image and finally r 
the instrument useless. Investigation of this coating has ] 
that in certain crown glasses crystals of sodium carbonate are 1 
on the polished lens surfaces; in other glasses an organic m 
growth or film scum appears, especially on instruments whicl 
been sealed and made water-tight. This film may consist of 
small liquid drops and occurs especially on the reticules c 
glasses and fire-control instruments; in most cases it appe 
avoid the area immediately adjacent to the etched lines 
reticule; or it may be much finer and spread uniformly o\' 
polished surface. Experiments have shown that film of this 
is for the most part not an inherent defect of the glass itse 
is organic matter which has evaporated from lacquer and grea 
dirt left in the instrument during the assembling process 
remedy for such film is meticulous pare and cleanliness in the asf 
of optical instruments. In certain cases the glass surfaces are 
attacked and the glass itself is then of faulty composition. 

The stability of optical glasses is a difficult property to 
satisfactorily. In all cases a glass is desired which shall 
unchanged on exposure to all kinds and conditions of weathe 
test the stability of the glass under actual conditions is ob' 
a time-consuming process. The attack on the glass is, he 
accelerated by elevating the temperature and the pressure, 
measure of the stability the behavior has been taken of th 
under arbitrarily fixed but reproducible conditions of high te 
ture and high pressure in acid, neutral, and alkaline soluti 
known composition. There is danger, however, that the ch 
of the reactions which take place at higher temperatures and pr 
may be, and probably is, different from that of the reacti 
room temperature and atmospheric pressure, with the resu 
the conclusions drawn from the behavior of the glass at hig 
peratures, high pressures, and concentrated solutions may b( 
in error when applied as crit'.ria of the weathering stability o 
For this reason it has been deemed better to devise tests of e 
sensitiveness which may be used at ordinary temperature 
a^ospheric pressure. These and other tests will be descri 
Chapter IV on the inspection of optical glass. 


Chapter III. 

rHE MANUFACTURE OF OPTICAL GLASS. 


rHE ORGANIZATION OP AN OPTICAL GLASS PLANT, 

glass has been shown to be a product which must meet the 
demands of extremely high precision and throughout all 
its manufacture this fact must be recognized. One of the 
culties encountered in the rapid development of optical 
lufacture in this country for war purposes was the lack of 
ion on the part of manufacturers, of superintendents, of 
ind of workmen of this fundamental fact; to educate them to 
‘ealization of their several responsibilities required time and 
isarily retarded production during the first months of the 
;h precision means careful control over all steps of the 
Liring processes and a personnel competent to establish such 
he problem is essentially one of physical and chemical 
ig, and the manufacture of optical glass to be successful 
irected by men thoroughly trained along these lines. Tech- 
.rol of this kind soon pays for itself in the quality and the 
jf the product obtained. 

ical glass plant should be so organized that effective con- 
rcised over each step of manufacture from the raw materials 
ished product. The raw materials should be of uniformly 
lical purity. They should be ordered from manufacturers 
nite specifications and with provisiqn for adequate chemical 
the factory to insure the ne essary quality. The melting 
re close attention. If the size of the glass plant warrants 
ant should have its own pot house; this obviates the inevi- 
and j ars and rapid changes in temperature and in humidity 
:pon transportation and makes it possible to develop pots 
best suited to special types of optical glass. The melting 
ding furnace temperatures must be held to schedule. The 
ust be properly mi.xed and filled into the pots. The crucible 
val from the furnace must be so cooled that properly fissured 
Its. The inspection pf the raw glass must be carefully 
I, otherwise much good glass is butchered and wasted, and 
r glass is taken into work which later has to be discarded, 
ing and pressing of the glass into blocks must be properly 
)therwise serious losses are incurred. 


In [tie present ciiapier tue sevunu aecLiiuiia ui uiie giassi. 
process will be considered briefly and somewhat in the order of 
manufacture. In the analysis of these steps wc shall find tha 
are many factors involved, and that only with proper regard t 
several effects can optical glass of uniformly liigh quality be pro 
In other words, the making of modern optical glasses does nc 
sist solely in the mixing together of a secret batch, handed 
from father to son, in melting this down in a furnace, and in al 
the melt to cool properly. In many branches of the glass in 
there is still much that harks back to the days of the alch 
many glassworkers are highly skilled artisans trained to theii 
from childhood ; but in the making of optical glass there is litth 
for the deftness and whim of the artist. The problem is esse: 
one of precision and factory control; and although the glassn 
experience is not to be disregarded, optical glass of high quali 
not be produced by it alone. The training and the viewpoint 
chemist and physicist are required in addition to attain and to 
tain the high quality of product essential for use in optical i 
ments for military purposes. A physicist or chemist is in a 
position to undertake the manufacture of optical glass than 
plate or window glass maker of many years’ experience who ha: 
ideas on the subject of all glassmaking and can not realize that c 
glass is different from the product which he has been accuston 
make. 

In the management of an optical glass plant, as in all other 
trial organizations, it is highly essential that each man and v 
connected with the plant realize the importance of his or her 
and that the service rendered is contributing directly to the s 
of the plant and to the welfare of each individual in it. In ti 
war the spirit of active and wholehearted cooperation should 
nate the entire plant and is easy to attain by proper appeal to 
otic motives and to the feeling that each worker is contribute 
share toward the weal of the country in the emergency. In 
that the organization function properly it is essential that the i 
of every position be adequately prescribed, together with the n 
sibiUty and authority pertaining to the position. Workers s 
be selected and assigned with reference to their several capa^ 
those who show special aptitude and ability should be given c 
tumty to advance and to realize that their efforts are apprec 
Tact is required at all times to keep the organization running smc 
and effectively. During war time there is Hable to be more c 
contmuous increase in personnel and equipment to meet the der 
for more rapid production; also frequent changes in details o 
lory practice and routine to improve the manufacturing process 
IS necessary therefore to keep the organization of the plant so fl< 
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without fundamental changes in its structure, it can take care 
changing demands made upon it. This means, among other 
the training of some of the workers for more than one par- 
' task. 

'e are many factors which enter into the problems confronting 
inagement of an organization of diverse human elements and 
have to be considered if the desired end is tp be attained, 
■f, high-speed production, together with a satisfied and effec- 
cooperating and loyal group of workers. It would lead too far 
report to consider further this most important of all factors, 
j, the human factor, without which nothing can be done in 
f the best and most improved processes of manufacture. Suf- 
to state that in an emergency, such as war,, nearly everyone is 
,0 do his part, or may be compehed to do so, and to that extent 
Dblems are simplified. 

RAW MATERIALS. 

le foregoing pages reference is made to the many factors which 
nto the manufacture of optical glass; of these not the least is 
of raw materials. Except for certain gases, such as carbon 
3 , nitrogen oxide, oxygen, water vapor, etc., which are liber- 
uring the fusion process, and for the small amounts of certain 
hat volatile oxides, such as lead oxide, which escape during 
Iting and fining stages, whatever is put into the batch appears 
final product and can not later be eliminated; this fact makes 
irative for the glassmaker to use batch ingredients of high and 
ely known purity. Optical glass is unfortunately sensitive 
1 color and in refractivity to slight changes in chemical com- 
n. If the glassmaker neglects to insure proper quality and 
nity of raw batch materials, not only is the glass produced 
ie and unsatisfactory, but the furnace schedule may be seri- 
uffected and production all along the line to the finished optical 
nent is impeded and rendered uncertain, 
best procedure to reduce to a minimum the variations in com- 
n and quality of the raw materials is to establish direct con- 
elations with the producer of the raw materials (not with the 
3), each contract to state explicitly the kinds and amounts of 
ties which may be tolerated. Each shipment of raw material 
be analyzed at the plant with reference to impurities and to 
content. The batches are then computed on the basis of this 
s ; if this procedure is not followed, an element of uncertainty 
•duced which, in certain types of glass, may cause a departure 
he desired optical constants sufficiently large to render the 
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Much time and effort was spent by the Geophysical Labor 
canyassing the raw material situation throughout the cou 
developing rapid routine methods for' the testing of such m 
and in educating manufacturers to a realization of what hig 
ical purity in large lots means. To obtain raw materials of s 
purity, it was necessary for the Geophysical Laboratory 1 
many tests and analyses of samples submitted, to send mei 
ferent places to examine the methods of production, to 
changes in method in order to insure proper quality, and to ei 
manufacturers to install special apparatus to meet the dem 
high chemical purity. The standards required for optical { 
extremely high, and it means very accurate and direct ai 
control at the plant to obtain a product of proper quality, 
ticular, the sand situation and the potassium carbonate s 
required close attention. 

/Sand.— The requirements of sand for optical glass are hig 
ical purity and uniform, small size of grain. High chemica 
is essential because silica constitutes the major part of mos- 
glasses. The iron content of the sand should be less than 
cent iron oxide. The water content of each sand shipmen 
be determined. Other coloring agents such as chromium, ma 
vanadium, copper, cobalt, etc., should not be present. Moi 
sands in this country contain more than 0.02 per cent iro 
but with careful selection of the sand at the quarry it. is po 
several of the localities to obtain sand of a degree of purit 
than 0.02 per cent iron oxide. Experience has shown th 
suitable for optical glass are located at Rockwood, Mich., I 
Md., and Ottawa, 111. These deposits are all of friable si 
deposited under wind-blown, desert conditions during early 
times (Lower Paleozoic). Of these three deposits, the R 
sand is the purest; the best gr^de contains on an averac 
0.015 per cent iron oxide. The sand is pure white and ren 
uniform in size of grain. Optical glass of gooff quality can 
from the sand of any one of these three localities. ’■ 

An extended series of experiments was carried out by i 
physical Laboratory with a view to extracting the iron from t 
and chiefly from the glass melting pots by chemical mea 
this purpose the sands and pots were submitted at high temj 
to an atmosphere of chlorine gas ; under these conditions the 
attacks the iron oxide and forms iron chloride, which is 
This reaction takes place much more rapidly and complet 
place of chlorine, phosgene gas (carbonyl chloride) is used. . 
outcome, however, of these experiments, which were i 

' See Notes ofl American liigh-grade glass sands, by P. G. H. Boswell, Trans. Soc. Glass ' 
147-152, 1917. 
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5 , has been that it is not worth the while in war times to attempt 
rification of sands on a large scale by such methods. The 
e of the chlorination process is, moreover, relatively high, and 
ntly pure sand is available in the open market. Methods 
determination of iron in glass sand are described by J. B. Fer- 
jr.2 

ssium carbonate . — Before the war the better grades of potas- 
arbonate were imported from Germany. It was not a difiScult 
, that time to obtain potasshim carbonate of the desired degree 
ty. This source of supply, however, was shut off, and it was 
iry for manufacturers to develop new sources and to arrange 
s purification of potassium carbonate on a large scale. At the 
: solicitation of the Geophysical Laboratory, the Armour 
ser Works, of Chicago, 111., patriotically undertook to produce 
lantities of potassium -carbonate of the required purity for 
glass. This they wore able to do after some months of 
nentation and the supply of potassium carbonate after that 
as assured. During the early months of the war it was neces- 

0 obtain the potassium carbonate in small, odd lots from 
3 and to analyze each cask. Much of this potassium carbonate 
led appreciable quantities, up to 5 per cent, of potassium and 

1 chloride and sulphate. The presence of these salts was most 
;ome in the light flint-glass batches, and at first a number of 
were lost because of the fact that the glass turned milky on 
f, thus rendering it useless for optical purposes. It was found 
iry in each lot of potassium carbonate to determine the 
ts of water, of sulphates, of chlorides, and of iron present in 
m to potassium and sodium content. Methods of analysis 
leveloped which enabled these determinations to be made 
7 and accurately. The potassium carbonate furnished by the 
ir Co. was in crystallized form (KjCOg, 2H3O) and contained 
18 per cent water of crystfillization. The SO3 content averaged 
m 0.2 and 0.4 per cent, the chlorine content between 0.1 and 
;ent, that of iron oxide from 0.01 to 0.02 per cent. 

iew of the scarcity and high cost of pure potassium carbonate, 
were made to reduce its quantity in the batches and to sub- 
1 for it sodium carbonate and to use a larger quantity of 
ium nitrate which was readily obtainable in a relatively pure 
These efforts were entirely successful and it was found that, 
le batches, sodium oxide (as sodium carbonate) is substituted 
ounts equal in weight percentage to that of the potassium 
the optical constants (refractive index, no, and v) of the glass 
mged but little; the refractive index is raised slightly and the 


and Eng. Chem., 9, 941, 1917. 



V is lowered slightly. The glass, however, tends to be somewhat 
duller in appearance and at high temperatures is slightly less viscous 
than the original potassium melt; for this reason greater care is 
required in the annealing of soda-rich glasses. This substitution 
of sodium carbonate for potassium carbonate and the use of relatively 
larger amounts of potassium nitrate materially reduces the cost of 
the batches. 

Sodium carbonate . — ^Experience has shown that sodium carbonate 
sufficiently pure for all purposes can be obtained in the open market. 
It should contain less than 0.01 per cent EejOg, 0.03 per cent SO3, 
and 0.4 per cent H^O. 

Calcium Precipitated calcium carbonate appears to 

be the best and purest somce of calcium oxide. Certain marbles, 
such as that from Rutland, Vt., are also satisfactory. The FejO., 
content should not exceed 0.05 per cent and preferably be less than 
0.01 per cent. 

Barium carbonate . — ^Precipitated barium carbonate of high purity 
and with an iron content less than 0.01 per cent is produced by several 
firms in this country. The presence of sulphur compounds in this 
material is not desirable as they tend to color the glass. Some 
chlorine may be present, but it should be less than 0.05 per cent in 
amount. 

Lead oxide . — ^Lead oxide in the form of red lead (PbgOj) or of 
litharge (Pb 0 ) containing less than 0.02 per cent iron oxide was 
obtained only with difficulty. Sublimed litharge was found to 
contain the least amount of iron oxide. In flint glasses there is 
some danger of reduction of the lead oxide to metallic lead; the 
furnace conditions must accordingly bo oxidizing and abundant 
nitrate should be present in the batch. 

Boric add . — ^Boric acid and borax are obtainable without difficulty 
and in a sufficiently pure state; also zinc oxide, alumina, and 
arsenious oxide. 

Sfedficationa for the degree of purity of the raw material for 
optical glass are based on the observations that for glasses of high 
transparency the amount of iron oxide ^6203 present should not exceed 
0.02 per cMit; chlorine, 0.6 per cent, and SO3, 0.1 per cent; nickel oxide 
should not be present. Part of the iron oxide in the glass is derived 
from the batch materials and part from the solution of the walls of the 
melting pot. A series of analyses, by J. B. Ferguson, of the iron oxide 
in the raw batches for different types of optical glass and the finished 
glasses made from these batches proved that in pots of good quality 
from 15 to 30 per cent of the total iron oxide present in the glass is 
contributed by the pot; in pots of inferior quality the percentage 
wntributed by them is of course higher. The batch should there- 
fore contam less than 0.015 per cent iron oxide and perferably less 
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than 0.01 per cent. For many of the batch materials, such as KNO 3 , 
K 2 CO 3 , NaNO. 3 , NaaCOg, B( 0 H) 3 , ZnO, a specification of 0.01 per cent 
FeoOg in the oxide itself is easy to meet but in others this is not the 
case and for these materials reasonable limits should be set which 
the manufacturers can meet without difficulty. In no case, however, 
should the percentage of FejOg exceed 0.05, otherwise the total per- 
centage of FegOa in the glass may exceed 0.02 and the resulting trans- 
parency be Unsatisfactory. To determine the percentage of FejOg,. 
allowable in a salt, such as sodium carbonate NajCOg, in order that 
the FcjOa in the oxide NajO shall not exceed 0.01 per cent the ratios 
in Table 7, page 106, are convenient; thus for NajCOg the FcjOj content 
should not exceed 0.0058 per cent. 

One of the chief results flowing from this need for high chemical 
purity of raw materials was th'e realization by certain manufacturers 
of what must be done in order to obtain the desired chemical purity, 
and the establishment in their works of methods of high precision. 
Our experience along these lines proved clearly in many instances 
that the need for such factory control had not' been realized by manu- 
facturers. To meet the situation, these manufacturers adopted 
scientific methods of procedure and their products were then equal 
ill every respect to the best European products. 

MELTING POTS. 

The art of pot making, like that of glassmaking, has been until 
recently in the hands of a chosen few, who learned their trade in 
childhood from their fathers and. who have guarded most jealously 
their acquired knowledge. In recent years, however, the character- 
istics of the different clays and other materials which enter into the 
composition of pots have been studied in ceramic laboratories and 
there is now available a considerable amount of information regarding 
the clays of this country and their thermal and chemical behavior. 
At the time when we entered the war great difficulty was experienced 
in obtaining pots of proper quality and a number of melts were lost 
because the molten glass dissolved its way through the pot. The 
clays, which were then used, contained on an average about 2 per 
cent of iron oxide with the result that, no matter how pure the batch 
materials were, the solution of a thin film of the inner walls of the 
pot 1 millimeter thick increased the percentage of iron in the melt 
from 0.02 to 0.04 per cent, and the finished glass had a decidedly 
green or yellow color. Through the efforts of several pot makers, 
especially the Laclede-Christy Co., the Buckeye Clay Pot Co., the 
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free from iron and highly resistant have been loe,ated in this 
country and pot mixtures have been developed whieh approaeli pure 
kaolin in composition. They contain little il any Iree ((inulz and 
are satisfactory in nearly every respect. 

The qualities desired in a glass melting pot are r('sis(ane(' to 
chemical corrosion by the molten glass, fiaHaloin from iron oxi(i(‘, and 
ability to withstand exposure for a day at least to lenqx'ratures of 
1,450° to 1,500° 6' without (h^formation even wlnui (illed wit h heavy 
molten glass. A clay pot is ne(*(‘ssarily heavy and wc'ighs li’oni 500 
pounds to a ton or more; its walls range from 2 (o 0 inches in ( hiekiu'ss, 
depending on its size and material. Kxtreuie care is l.akeu during 


Fih. 21,— Clay polsln l.hii maianK Uie luiiid “biiililliiK-iiii'’ pi'oi'c.s.s. ( Mioliif'iujili liy . 1 . Iliirtwr .Simpp 
at. the. plant, of U\i^ Uansch vV; I.o'uli optical Cn.l 

the drying-out process to avoid the (h'velopment of small shrinkage 
cracks because these weaken its strength and fvirnish entrnmu' 
channels for the molten glass baU'.h to attack its walls, Ihcrt'hy invil- 
ing disaster. The same degree of cart^ is ('Xf'i'cised on luaiiing a pot 
to a high temperature; this operation najiiirf's ordinarily ihi’ce to 
five days. At all stages of this ])rocess th<‘ glassinakt'r sf'eks to 
attain uniform heating of the entire pot and to. avoid din'ct, contact 

/I . i ^ • . 1*1 .1 t « t 
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are more dense and dry out more quickly. The ordinary type of pot 
requires from three to six months to season, whereas the cast pot of 
the porcelain-kaolin type is ready for use within two months or less. 
It is outside the domain of the present report to enter into a detailed 
discussion regarding the manufacture of these pots. They can now 
be had commercially from several different firms and there is no 
reason to fear that in the future such pots will not be available. In 
war time it is, of course, essential that the output be regulated 
properly-and that standard types of pots only be used. 

The pots commonly employed for optical glassmaking during the 
war period were open pots and measured 3G inches outside diameter 
by 32 inches high (27 inches inside diameter and 27 inches deep). 
Still smaller pots, 30 inches outside diameter and 23 inches high, 
were used at first as a makeshift; still larger pots, 49 inches outside 
diameter and identical in size and shape with the standard ton 
plate-glass casting pot were successfully employed, especially by the 
Pittsburgh Plate Glass Co. 

A method for casting pots of the porcelain-kaolin type was devel- 
oped during the war by A. V. Bleininger ^ at the Bureau of Standards 
in Pittsburgh. In these pots broken waste bisque of white-waro 
potteries, which is relatively free from iron, served as “grog” and the 
composition of the pot as a whole approached kaolin with only a 
small amount of iron oxide present; in them dense barium crown 
glass was melted successfully. Unfortunately these pots were not 
available in quantity during the war and v'cre not used to any extent 
in the production of optical glass for war purposes. The advance 
which this new process marks is, however, great and much credit is 
due Dr. Bleininger for having placed it on a satisfactory basis. 

Open versus closed Manufacturers are not in accord regarding 

the use of closed pots in the manufacture of optical glass. The greater 
part of the optical glass in this country is made in open pots, averaging 
36 inches in diameter and holding about 1,000 pounds of ordinary 
crown glass or 1,500 pounds of dense flint glass. So far as can be 
ascertained from the literature, European practice favors the use of 
closed pots. The reason for this is obvious. In the open pot the 
glass melt is exposed to the direct gases and vapors of the furnace; 
these may be reducing in action, even though the general run of the 
furnace has an excess of oxygen. This is especially true on windy 
days when the air supply is more or less irregular. On such days 
gusts of smoky gas full of soot can be seen sweeping over the pot. 
There is consequently danger in open pots of reduction phenomena 
which may seriously affect the quality of the product. A still further 
objection to the use of open pots is the fact that there plays across the 
top of the pot an incessant current of gas; this gas consists of several 

® Jour. Am- Ceram- Soc., 1, 1-23, 1918, 
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kinds of vapors which are more or less soluble in the glass melt; 
moreover, a current of gas passing over the exposed surface of the 
melt blows away the vapors of alkalies or lead oxide and this increases 
their rate of volatilization; on turning off the gas to allow the pot to 
cool down, the vapors over the pot are entirely changed; certain 
absorbed gases may then tend to escape and thus give rise to bubbles 
which are difficult to eliminate at this stage of the process. Further- 
more the uncovered pot is open to a larger space of the furnaces, and 
vapors, absorbed or indigenous, on escaping, may tend only slowly to 
reach a vapor pressure comparable to their saturation pressure, for 
the given temperature and compositions. 

The covered pot is protected from the reducing inllueiiccs of heating 
gases; there is no circulation of gases over the surfac(’i of th(^ melt 
which tend to sweep the components of the melt away and (.o acceh’i- 
rate their rate of evaporation; there is no abru]>t chang(‘. in vapor 
pressure and in composition of the vapors above (.h<5 surfatu^ of t.he 
melt on turning off the gas, or on removing th(‘. pot from the furnac-e. 
The covered pot tends toward uniformity in the cooling of lh(^ melt as 
well as toward keeping the melt homogeneous; the temh'iic.y of the 
uncovered pot is in the opposite direction. 

The uncovered pot on the other hand is heated in furnac'es of the 
regenerative and recuperative typo, chiefly by radiation from the 
crown of the furnace, and as a result heats up more rapidly and more 
efficiently than the covered pot in which the heat has to pcuudrafci 
through the walls of the pot in order to reac.li the melt,. This raj)id 
rate of heating is not to be underestimated, because by it tlu^ l.inu'. 
required to melt and to finish the glass is much less than tha,t r('(|uir('d 
when covered pots are used. The glass-molting process evem in ojaui 
pots of ton size in the plate-glass industry takes less than 2'[ hours. 
In the manufacture of optical glass the complete melting proc,(‘ss nuiy 
also be finished within 24 hours, thus allowing a mdt to finished 
in.the furnace in one day. With covered pots, such a time-sc.lualuh^ 
of furnace operations is not po.ssible. 

During the war open pots or semicovered pots w('re us('d in f.his 
country even for the production of extra dense flint and dens('. barium 
crown glasses. The results prove that the o])en pot is satisfat'.tory 
for the melting of any of the ordinary types of optic.id glass, suc.h as 
are required in military optical instruments. 

The Ueaching of pots . — During the early months of the war <,h(^ avail- 
able pots were of poor quality and relatively solubh^ in the opt.ic.al 
glass melts; they contained several per cent of iron oxide; some of i.lus 
iron was dissolved by, and entered into the melt, ('.oloring tlu^ glass 
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could bo removed from the walls of tlu', clay pot iu contact with 
the molt, other conditions remaining th(‘ same, orv(^ source of serious 
trouble would be eliiiiinated. An extended series of experiments was 
accordingly made by tlu' (h'.opliysical laiboratory on tlu^ action of chlo- 
rine gas on the walls of an (unpty pot, at. high t(ani)erature; this 
method was based on t.lv(> known fact, that at high UHuperat.iires iron 
chloride is very volatihv Similar methods had moreover been used 
before for removing iron from (^nam<‘ls ' and also from small crucibles 
and from ot.her niatcu'ials. 

To convert the iron conl.aimal in the walls of l.lu'. clay pot into vola- 
tile iron chloride both chlorine ami phosgeme gas were tried; phosgene 
gas is chemically much more active tlnin chlorine gas, cspec'.ially at 
its disHcx'iat.ion temjx'rature (slightly below ()()()“ (h). The pot to be 
bleached was pliuaal in a pot arch or nu'lting furnact^ and in most in- 
stances was coveival with a clay TkI; a <*ontinuoiis stnaini of chlorine 
gas was tlu'.n allowed to flow into th<i (‘rucihle for agivnni ])eriod of time 
(one-half hour t.o liv(^ hours) at temperatures ranging from 400^^ to 
l,2r)()”(t Much iron (up to SO percent) was nanoved by this treatment 
and the walls of t.lu^ cruc.il)l<-s were bhaiclu'd to a (h'pth of 15 millimeters; 
the rate and etfeet-iveiu'SH of tlu’: nuiction imuanised wit.h t.he hunpera- 
ture; c.rystals of iron oxid(^ (hematite) wer(‘ d«'.posit<Ml in gnart num- 
bers along t.he outer ('(lg(^ of the pot wlun-e the (‘scaping iron chloride 
gas ontennl t.he furna(•(^ chamlx'r. 

In s[)ite of the mark(‘(l d('creas<‘ in iron eonhmt of the pot walls, a 
c.oriTspoiuling decrease in tlui iron cont('.nt of the glass nu'lted iu t.he 
treaUal pot was not. obs<‘rved and. in one instance at least, the glass 
was full of pot stoiu's. 'Die chhu’ine-gas tn'atnumt, by dissolving the 
iron oxide whi<‘h formed part, of the. bond of tlu'. clay pot, had evi- 
dently imdeiTd the walls of the pot more porous and less resistant 
to attack. It is possibh' that s>d)S(‘(}U(‘nt baking of tlu^ po(s after the 
c.hlorination treal.nu'iit. would icstore th(‘ compact structure of the 
walls as a icsult of sinttu'ing and incipient nu'lting. This situation 
and the rapid improvc'nuMit in the (juality of tlu‘ |)ots at this time 
stoppcul further (‘xp('rimcnt.at ion along tlu'Si' lim‘H. It is b('tt(‘r to use 
pots having a low initial iron content, to bak(> th(*m thoroughly 
at very high t(uuperat.ur(‘s, and to shorten tin* nu'lting p(‘rio(l than to 
att(un{)t t.o })urify the <4ay in the finished pots and thus to run the risk 
of spoiling an entire nudt. because of storu's d<‘riv(‘d from the loose', ned 
pot wall textun^,'’ 

< Bolo luul U(ivv«, 'I'raitfj. Am. Ci'rmti. Stx'. 17, H't (UU.’ii. 

* (}. C. Stone, citivl in JiHir. Am, (’('rnm. Sih\ 2, ittWt (auti). 

« A dotailcxl doHcrlptlon ti! Uio fixjmrlinontri on tlio us« of dtiiwino Rtoi fur Urn vdatilkatlon of Iron from 
optUml glass potji iiigivon Ity lawtoUpr, Uol>ert;i, arnl FerRtUKin In J<rtir. Am. ('cram. S(K'. 2, ;!5ft 372, (1919). 
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FUIINA(’.EH. 

For the manufacture of optical {>;lass tl»rc(‘ (lifh'n'iit types of uu'lting 
furnace are in common use; of these two are of t he reverherutory type 
and operate either on the regenerative {(ig. 115) or r(‘<‘up(‘r}it.ive prin- 
ciple, the air in them being prelieated l)y tlu' iiot products of gas (com- 
bustion escaping from the furnace chamlx'r. The t hird t yp(c is a non- 
regoncrativo, stackless furnace, heated l)y a blast; in it tlu* air-gas 
mixture is injected into the furnace unch'r ]u'essurt‘. In t lu' la'genera- 
tivo and recuperative furnaces tluc lu'ating of th(‘ crucil)l(> is aeeom- 
plishcd chiefly by radiation from the ('rown of t he furnace'. This in- 
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( eiiotoRmph l)y J. IlHi|''‘r Sniiiip lU. Ili(> Itmisi'b l-o uli oplldil Cd i 

sures a more oven distrib\ition of lunit than in any typt' of furnace in 
which the combustion of thc! gases takes [)lnce within tin' furnact' 
itself as in the blast fiiriiaee. Fxperi('iu*e has shown, howevt'r, that, 
good optical glass cam he produced in any one of thest* types of fur- 
naces, provided they areproptwly regulated, bot h with n'spt'ct to tem- 
perature control and to gas (‘.oinhiistion. Whatt'ver tyjx' of fnrnata' 
is available, two factors are fundamental to tlu' prodnelion of good 
optical glass, namely, niaintenaiuu^ of a, detinitt* temp<*rat urt' ovt'r a 
long period of time, and constancy of i(‘inp(‘ratur(‘. distribution within 
the furnace chamber so that the melting pot is uniforiuly I\('at(‘d. 

Because of the careful regulation of furnaci^ eoiiditions r(‘(juired 
in optical glass making, it is common practice to use singh'-[>ot melt- 





ing tne war pots 6b mcnes outside diameter were commonly used and 
regenerative furnaces witli a chamber measuring 4-| by 5 by 5 feet, 
inside dimensions, were found to be satisfactory. (Fig. 25.) In these 
furnaces a heavy door (tuille), suspended by chains and capable of 
being raised by a hand crank, closes the front of the furnace. The 
tuille in turn has a smaller opening through which the batch is intro- 
duced and later the stirring rod enters. Ordmary fire clay serves to 
plaster up the cracks between the tuille and the brickwork of the 
furnace. At one of the plants (Bausch & Lomb) several two-pot 
furnaces of the regenerative type were erected and proved to be 
successful; these furnacfes were equipped with tuilles at each end. 
In operatiug a two-pot furnace special care must be taken to insure 
uniformity of furnace conditions. Batches of the same composition 
and pots of the same size must of course be used in any given run in 
a two-pot furnace. On the whole there is no special advantage 
gained by the two-pot furnace except that it occupies less space than 
the two siugle-pot furnaces. 

It is not germane to the present report to discuss the details of 
construction of optical glass making furnaces. It is assumed that 
the builder of such a furnace has considered the type of furnace, the 
materials for its construction, the best design and size of chamber, the 
kind of fuel available (natural or artificial gas), the size of stack, and • 
the best arrangements for the combustion of the gas. .Suffice it to 
state that for ease of regulation and general efficiency the regenerative 
and recuperative types of furnace are superior to the other types. 
The single-pot regenerative type is considered to be the best. 

It is the task of the furnace man, assigned to a furnace of given 
type, so to run it that the desired temperatures are attained and main- 
tained and that within the furnace chamber an oxidizing atmosphere 
is always present, especially in the vicinity of the pot of molten glass. 
Low, lazy, sooty flames sweeping over the surface of the molten 
metal are to bo avoided, as they indicate a reducing atmosphere. 
On windy, gusty days such flames are almost inevitable, but the fur- 
nace operator should be on the alert to reduce their occurrence to a 
minimum. 

In the regenerative type of furnace the flow of gas should be 
reversed at definite intervals in order to insure uniform temperatures; 
if, through carelessness, the furnace gets out of balance and one side 
is colder than the other, fluctuations of 50° C. with each reversal of 
the flow of gas within the furnace may arise. The balance is restored 
by allowing the cooler checker work of the furnace to be heated for a 
longer period of time than that of the hotter side. 

Measurement of furnace temperatures . — Different methods are in 
use for ascertaining furnace temperatures. Formerly this was done 
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by the furnace operator who, from long practice and often with no 
protection for his eyes, estimated with remarkable accniracy the fur- 
nace temperature by direct inspection. d\) the untrained observer 
the furnace at the melting temperatures is at “white luait,” and 
no details are distinguishable within it; how(wer, witli th<^ aid of 
dark glasses to reduce the intensity of the light ainl heat radijitions, 
he can readily see the details, but can not estimate the tem})eratures 
satisfactorily. The human eye is not infallible and (wen the expend 
furnace man may make costly mistaln^s whk'h would not have 
occurred had better methods for temperature ^u^asur(nu(^u(, Ix'.en us<‘d. 

In the ceramic industry Stager cones are (unploycHl, whih^ in the 
glassmaking industry thermoelements are in giuu'ral use and are 
placed in the roar wall of the furnace winin'! they indicat>(‘, coni.inu- 
ously the temperature of the hot junction of the th(*rmoc.ouple; the 
cold junction of the thermocouple is k(^pt at conslant- l,(‘mp(‘ra,ture 
either by burying it from G to 10 feet in the gro\ind at, sonu‘ <list,ane.e 
from the furnace or by immersing it in a pail of water attached to 
the rear wall of the furnace where it is held at the constant tempera- 
ture of boiling water. The thermoelement, in this position does not 
indicate the actual furnac.e temperature, but the ttnnperatun' of tlui 
point within the furnace wall to which it extends. As a rt^sult, there 
is an appreciable lag in its readings of the lliuduations of t<unp(^ra- 
ture within the furnace. The exposure^ mor(\ov(U’, to tlu^ furnac.e 
gases which penetrate into the retaining tube (’.aus(‘s tin's thermo- 
element to deteriorate and to give readings whi(‘.h are too low and 
inclined to be somewhat erratic. Mon's satisfactory ar(^ pyronuderA, 
optical and electrical, which enables tin's ohs('rv('r to as(‘.<‘rt.ain th(^ 
actual temperature of any point within the furruun*. 

A portable standard thermoelement of platinum and i)latinum 
rhodium with compensating leads can be \is('.d if ])rop<'rly shi(^ld<Ml 
from the furnace gases. A device of this sort for purj>o.s('s of inves- 
tigation was devised by the writer (Report No. 4 for w(‘ek (unling 
May 26, 1917) and was constructed by leading the thernnxdement 
wires through a water-cooled iron pipe 10 feet in huigth to a porce- 
lain tube 18 inches long, closed at one end, and attaclnnl to tln'i (’iiid 
of the pipe; the porcelain tube is made of highly refrai'.tory material, 
and is about 1 centimeter in outsider diamet(^r. (Fig. 20.)’ The 
cold junction of the thermoelement is held in ie.(^ and tlu' (dendro- 
motive force of the couple is read off on a di^('tct-r(^ading millivolt- 
meter. By means of this water-cooled thermoelement rod, tcinpc'ira- 
tures at different points within the melting furnace and pot arches 
were ascertained and compared with the temperatures nuuisuri'd at 
the same time and on the same points by the Morse optical pyrometer 

'I Beproducod from article on optical pyromotors by C. N. Fonnorln Bull. Am. Inat. Min, and Mot. Kng., 
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(Leeds and Nortlirup ty|>c) and the Fdry radiation pyrometer (Taylor 
Instrument (^o., type). To illustrate the distribution of temperature 
in one of the aingle-pot furiuKuis, the following readings were taken 
along the line extending from a small opening in the furnace tuillo 
(door) to the rear wall of the furnace and over the crucible about 5 
inches above the surface of the metal. 
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’^rhi'se riHulings show tluil- tlu* ((‘inpeniturt' distril)ution above the 
pot itself is fairly uniform; near the furnace door there is of course an 
appreciable drop in iciuptu-atuns” fFig. 27.) 

The tlu'rnuH'lmmmt rod is Hatisfuctory for (‘xploratory purposes, 
hut the porcfdain tube at (lu* cud is bio fragile for facUiry adaptation. 

The optical jiyronu't-i'r, on the other hand, is a satisfafdory works 
instrument. It is ('HM<'iitiaHy a low-jiower t(‘l(*Hcop(‘, in the image 
plane of which a lu'ated nu'tai filaiiumt (.small ch'ctric. lamp) is viewed, 
together with tin' ohji'ct whosi* b'luperatun^ is to h<‘ ascertaiinal. 
(Fig. 28.) Both image and tilament are viewi'd through a red- 
colonsl glass, and the inb'usity of illiimination of the. lamp filament 

* These imwBureitU'iUH v.t<re tekeii by Ur. f. N. Feinirr und the writer and are dt«l in thenrtlclo on 
"The u.w of opllral pvr.imntetfi for <■ intr.il of fiuiuM'M, by O. N. Fenner, Bull. Am. inflt. 

Min. and Met. Kng., KXXi, 1HI«. 
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is changed until it practically disappoars against tlu^ ilhiminatcHl field. 
Since the intensity of luminous radiation varies with th(> fourth power 
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of the temperature (Stefan’s law), a slight change in teinjicrature 
siiffices to produce a groat change in the brightness of the furnace, 
ihe instrument is remarkably sensitive, and with it concordant 
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mates a “hlat'k ijotly” in its charactfristif's ami starves the purpose 
wt'lL 'I'lit' lieatfs! inside of this tulx* is imajj^inl by t.he. telescope and 
the curi’fmt rt'adin'ij of t.h<> lamp for this teiufyeraturt' is iiscertained. 
A serif's of sueli n'adinj^s for differf'tit if'mju'ratures Huflices for the 
calibration. 

Experience with tlu' optical pyrometer lias proved that it is well 
adapted for furnace work. At temperaturf's above (k (2,4x>0° 

F.) its readings, aftf'r proper cidibration, are. c.onimordy in error leas 
than 5'^ C. At temperatures from hhO® to 1,050“ 0. (1,750“ to 
1,900“ F.) there is a great difFer(*nce in temperature between the 
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arch of the furnace, which is in direct contac,t with tliehurningg 
and the furnace walls which are heated hy radiation ; at theses 
peratures the readings of the optical pyrometer ar<^ invariahlj 
high and average about 35° 0. above the <‘.orre(‘.t vahit'. I’he ’ 
reflect the light from the hotter crown of the fiirna<‘.(>! and <^< 
quently appear brighter and hotter than they actually ari^ ; tln^ 
perature of the rear wall of the furnace as d(d,ermined by the o[ 
pyrometer is moreover not so high by 10° or 20° (h as the side ' 
which have a better chance to reflect the light, fl'lu'se difFerenc 
apparent temperature between the n^ar and side walls of the fm 
at 1,000° C. are readily detected by the unaided eye; on looking 
the corner of such a furnace near the (uid of the stirring p(‘ri< 
the glass the observer notices a distinct ditFereiuu^ in the l»righ 
of the side and rear walls at their junction. At theH<‘ tempera 
care must be taken by the observer to sight upon tin* same sp- 
the furnace each time in order to attain uniformity in tliu rea( 
from melt to melt. Experience has shown that the most satisfa( 
results are attained at this stage of the glassmaking proc(‘SH, v 
immediately precedes the removal of the pot from the furnac.< 
sighting on the molten glass adjacent to th(‘ moving stirring 
The glass at this point is hottest, an<l its surface' is umnnm 
reflects light from all parts of the furmice'. 

In the radiation pyrometer the focal length of the gold-p 
reflecting mirror is so short that at th(^ foeni.s not only is the o 
sighted upon imaged, but in the near vicinity (fraction of a milUm 
points several feet away are also imaged with tine rt'sull that 
radiation pyrometer tends to integrate the t(unperat.ur(‘H of p 
along the lino of sight at some distance in front of atid behiiK 
actual point sighted upon. If the furnace approaches a black 
in its temperature distribution, this is not a disadvantage; but v 
this is not the case difliculties arise which are apparently less ea 
allow for than in the optical pyrometer. 

It is convenient in all cases to use thernuu'lement pyrometc 
conjunction with the optical pyrometer l)<H'aiis(^ fhtyy aid the fui 
operator in following his schedule and Herv(^ as a chwk on ( lu' reai 
of the optical pyrometer.'* 

Furnace men after a certain amount of practice learn to esti 
with some precision the temperatures within the furnace; but 
cases a careful record should bo kept from hour to liour of the i 
ured temperatures within each melting furnace in order thai 
fluctuations do not occur and H<'iriously affec.t the cpialit.y o 
glass. 


*A dotailod discussion of the methods found useful during the war for the measureiuoiU of the t 
tures of optical-glass furnaces Is given by O. N. Fenner, In Bulletin Am. Inst. Min. & Met. Kng., 
pp. 1001-1011 (1919). 


THE BATCHES. 


Tilo glassmaking industry has been one of slow development through 
the centuries from the time of the Egyptians and Phoenicians to 
the present day. It lias been cultivated in certain restricted areas 
and has been handed down as an art from father to son, with the 
result that even at present it is enveloped in an air of mystery and 
secrecy. The formulas for making the different types of glass are 
held highly confidential and may not bo divulged except to a chosen 
few. As a result the glassmaking industry is conducted with few 
exceptions by rule-of-thumb methods and the manufacturing proc- 
esses are controlled by men of special experience who occupy unique 
positions in the factory. In Europe the optical-glass industry is nc 
exception to this rule; all details of actual manufacture are closely 
guarded; but little has been piibliahod on the subject, aild it is 
diflicult to obtaiin ridiable information of any kind. The batches for 
the several types of optical glass required by optical-glass manufac- 
turers are not available, except for a few of the older types of optical 
glass. 

In undertaking the manufacture of optical glass in this country it 
was ne(‘.essary therefore to gather together such chemical informa- 
tion as could be found and to have analyses made of the more 
urgently needed types of optical glass which happened to be in stock. 
A statistical study of the available analyses was first made. This 
study, the results of whicli are given in (Chapter II, was supplemented 
by experiments on the changes, during the melting process, in the 
relative <piantiti(^s of the .several chemical elements in the hatch as a 
result of volatilization and of solution of the pot. Certain relations, 
particularly in the series of ordinary Hint glasses and of the barium 
crowns and Hints, wtu'e discovered which enabled us, by interpolation, 
to write down at once the hatch for any member of their series such 
that the finished glass should have apiiroxiniately the desired refrac- 
tive indices and ^-values. lOxperimental hatches were first made up 
in small (piantities and melted down in pots containing 10 to 50 
pounds. In this way we soon arrived at definite control over the 
entire series of desired optical glasses and were in a position to repro- 
duce any one of the silicate gla.s.ses which was needed. 

As a result of this statistical study, carried on under definite .sci- 
entific principles, we became independent of all secret batches and 
were able to proc.eed to a scientific study of the relations between 
chemic'.al c(»nipositioii and optical constants of the resulting glass and 
to determine in a gen(‘ral way the effect of any individual chemical 
element on tln^ optical c.onstants. This proveil to be of great value, 
as it allowed us to devote our entire attention to the other factors on 
which the (piality of optical glass depends. 
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Computation of hatches from chemical analyses of glasses . — In pre- 
paring a batch to reproduce a glass of given optical constants it is 
necessary for the operator to take into consideration the losses 
incurred by selective volatilization of the batch components. The 
amounts lost during the melting and fining processes depend on the 
size and character of the batch, the character and temperatures of 
the furnace, the method of filling in the batch, the type of the melting 
pot, whether open, semiclosed, or closed, the duration of the opera- 
tions, and the character of the stirring, so that it is not possible to 
give more than rough percentage estimates of these factors. A few 
experiments suffice, however, to determine the relations for a given 
set of operating conditions; once these have been ascertained the 
glassmaker endeavors to adhere to them strictly and thus to insure 
uniformity in the final product. In the computation of the batch 
mixtures the following allowances are made for losses by selective 
volatilization: PbO or Pb 304 , 0.5 to 5 per cent and even higher;^" 
boric oxide, 1 to 5 per cent, in case boric acid rather than borax 
is used in the batch; the alkalies, K 2 O and NajO, up to 5 per 
cent. Little definite information is available on the losses incurred 
by selective volatilization and in a given case much depends on 
the factors already mentioned. At the present time it is a matter 
largely of experience and of actual trial to make proper allow- 
ance for these factors. As a result of this volatilization the batch 
becomes relatively richer in silica and the refractive index of the 
finished glass is lowered. In the case of extra dense flint or dense 
barium crown melts volatilization becomes serious when melts are 
made in open pots. In this case the greatest care must be taken 
to keep the furnace conditions similar from melt to melt, other- 
wise large fluctuations in refractive index occur from pot to pot 
and these work a hardship on the manufacturer of lenses for 
which these glasses are used. If there is an appreciable solution of 
the walls of the pot, the alumina and silica thus dissolved tend to 
lower the refractivity of the glass. An effort should be made in all 
cases to reduce this uncertainty by employing melting pots which 
are both thermally and chemically resistant. 

From the relations presented in foregoing paragraphs it is possible 
to prepare a plot from which the batch composition for any member of 
the flint series can be read off directly. (Fig. 29.) This plot is con- 
structed on the basis of sand 100 units of weight (pounds or kilo- 
grams). Thus from the diagram the batch composition in kilograms 
for the flint glass of refractive index no = 1.640 we read: Sand, 100; 
lead oxide (PbO), 119, or (PbgOJ, 122 ; anhydrous potassium car- 
bonate. (K 2 CO 3 ), 20 . 6 ; potassium nitrate (KNO 3 ), 7. Sodium oxide 

See O. Andersen, The volatization of lead oxide from lead silicate melts. Jour. Am. Ceram. Soc., 
2 , 784 , 1919 . 




tuted for potassium oxide provided the amount of NujO (weight 
percentage) equals in weight the amount of KjO which it replaces; 
substitution of NujO for KjO raises the refractive index slightly, 
decreases the v slightly and changes the viscosity relations noticeably. 
Flint glasses high in soda exhibit a tendency to be duller, less trans- 
parent, and more noticeably colored than the corresponding pure 
potash flints. The density and p of any glass of given PbO or PbgO^ 
content are indicated on the plot (fig. 29) by the intersections of the 
PbO or PbgO^ ordinate with the curves for density and p respectively; 
thus in the foregoing example the density of the flint glass no = 1.640 



is d -- 3.78 and its v 34.5. The batch composition for a flint glass of 
j/“46.() is, in kilograms: Sand, 100; PbO, 44.5, or Pbg 04 , 45.5; 
KjCOg, 7.0; KNOg, 2.2. Its density is 2.93 and its no = 1.549. 

The compositions of glasses of other types can be ascertained by 
means of the compositions given in Table 4(p. 59) together with the data 
plotted especially on figures 15 and 22, Chapter II. It would lead 
too far to consider these systems in detail; in some of them the mfor- 
mation at hand is meager and hardly sufficient for satisfactory inter- 
polation; but in most instances the glassmaker, with the aid of these 
methods and the data now available, is able to write down batches 
which approach very closely the batch desired, so that with a few 
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experimental melts in small crucibles lie can determine the correct 
batch, composition within very narrow limits. 

Tbe foregoing diagrams indicate clearly the fields which are domi- 
nated. by the different oxides; in view of these relations it is, there- 
fore, fitting to name the silicate glasses as had been done: Fluor 
crowns, borosilicate crowns, ordinary crowns, and barium crowns; 
flints, barium flints, and borosilicate flints. Zinc-bearing glasses 
do not require separate designation, because zinc oxide in optical 
glasses does not impart special opticp,! properties to the glass; it 
serves chiefly to change the concentration and viscosity relations 
in optical glass melts, especially to render the melt easier to work 
and to decrease the tendency to crystallize on cooling. In the flint 
series the light, medium, and dense flints are distinguished. The 
barium flints are flints in which part of the lead is replaced by barium. 
In all types of silicate glasses the amount of silica present is rela- 
tively large and the optical characteristics of each glass are in effect 
a blend of characteristics between those of silica and some other end 
member or members with silica commonly dominating, 

A study of the above diagrams, especially figure 15, page 50, 
proves that in the silicate optical glasses, lead and barium oxides 
on the one hand, silica and boron oxide on the other, exert the most 
profoimd influence on the optical constants of the glass. Thus the 
highly refracting glasses contain abundant lead oxide or barium 
oxide; the low refracting glasses contain abundant silica or boron 
oxide. Of all the glassmaking elements, lead has the most pro- 
nounced effect on both the refractive index and the dispersion; it 
increases especially the blue end of the spectrum relatively to the 
red. 

If in a flint glass of given refractivity, a high j/-value (lower dis- 
persive power) is desired, part of the lead oxide is replaced by barium 
oxide (introduced in the batch as barium carbonate). Compared 
with lead oxide, barium oxide produces less high refractive index and 
very much weaker dispersion (high j'-value) ; glasses high in BaO 
and PbO are called barium flints or baryta flints. Zinc oxide is 
intermediate in its action between calcium oxide and lead oxide 
on the one hand, and barium oxide on the other; like calcium oxide 
it tends to raise the refractive index and the dispersion slightly. 
In the series of flint glasses the relative dispersion increases with 
increase in refractive index; in other words, if, for the sake of com- 
parison, the refractive indices nc, n^, Uq' , for each mfemher 
of the series are divided by the refractive index rio, then the ratios 
increase with rise in refractive index tid; the characteristic feature 
of the dispersion of lead glasses is the rapid rise in refractivity toward 
the blue and violet end of the spectrum. The same relations are 



clearly shown in a diagram in which the ratios --g- and 

iip — Tio rip — rio 

are plotted as abscissae against the refractive indices as ordinates. 

Increase in silica, boron oxide, or fluorine tends, on the other 
hand, to lower the refractive index, to increase relatively the dis- 
persion of the red end of the spectrum and at the same time to de- 
crease the total dispersion. This lengthening of the re'd end of the 
spectrum is especially true of boron oxide and apparently also of 
fluorine^*^ in the fluor crown glasses. The addition or substitution 
of small amounts of boron oxide raises the refractive index of certain 
glasses slightly. This behavior is remarkable because by itself 
the refractive index of boric oxide glass is only no = 1.463 and 
v = 59.4; that of silica glass is 710 = 1.4585 and y = 67.9. Evidently 
borates are formed which impart different properties to the glass 
from those which might be inferred from the characteristics of the 
individual components, Similarly alumina {AljOg) which, in the 
crystallized state has a very high refractive index (1.76), produces 
with silica a glass of unexpectedly low refractivity. Alumina and 
magnesia raise the viscosity of most glass melts and tend thereby 
to prevent crystallization. 

Phosphorus, although formerly used in appreciable amounts, 
especiall}’" in the series of phosphate glasses, has now been discarded 
because of the poor weather-resistant qualities of the phosphate 
glasses. Figure 15 shows that these glasses differ only slightly 
from the borosilicates and the barium crowns; this difference does 
not outweigh the practical disadvantage of weathering instability. 

The essential differences between the ordinary flints and ordinary 
crowns are the higher refractivity and the greater dispersion, both 
actual and relative, especially in the blue end of the spectrum, in 
the flint glasses. With these two types of glasses it is not possible 
therefore to compensate exactly the dispersive effects of a positive 
crown element by a negative flint element and secondary spectrum 
results. By the use of glasses in which the relative dispersions are 
more nearly similar than between the crowns and flints, it is possible 
to correct more perfectly for achromatism; the presence of the two 
chemical elements, barium and boron, in optical glass shifts the 
relative dispersions in the crowns and flints so that they are more 
nearly in accord. By the use of these elements in the flint glasses the 
extreme dispersions of the blue end of the spectrum in the normal 
flint glasses are reduced relatively and the course of the dispersion 
throughout the visible spectrum is rendered more nearly like that of a 
crown glass. 

The statement made by Hovestadt, Jenaer Glas, p. 11, 1900, that boron oxide tends to lengthen the 
red end of the spectrum, whereas fluorine has the opposite effect and tends to decrease the red end relatively 
to the blue is apparently not borne out by the fluor crown glasses, which, however, contain abundant 
boric oxide and this may veil the effect of the fluorine, 
i* See also Zschimmer, Zeitschr. Elektrochemie, 11, 632, 1905. 
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In writing down tho batch composition for a glass of spcciliod 
refractive index and dispersion the glassniaker has a mnnher of 
factors to ('onsider, such as cluanical coinposil.ion and the changes 
in composition rcsidting from selective volatilization and from pot 
.solution. In the series of orilinary crowns and flints, silica (sand), 
alkalies (potassium and sodium oxides), linu' (cah'ium oxid('), and 
lead oxide are the. essential constituents; in tlu'sc' the proportions of 
the. difh'reiit elements may not exceed certain limits. If (lu' p('r“ 
centage of silica is above 75 per c.ent the nudt is so viscous (hat it 
can not he properly melh'd in the furmua*; Ihc penauifagc' of alkali(‘s 
may not exceed 20 per ceiit, otluu-wi.se (he resullatd. glass is hygro- 
sc.opic and c.hemic.ally unstable; over Id p(‘r ceni of lime may not 
he used because of the teiuh'ncy of nudts high in lime (o crvstaUiz(‘, 
and because of the didiculty of fusing such nudfs projx'rly; haul 
oxide may he us(al up to 70 per c(‘nt or mon‘, bn I in gla.sscs conf uining 
a large peixuuitage of lead tlu‘ danger from crvslallizal ion and from 
attack on the melting pot is .serious. In tlu' mnv series of glassc's, 
boron, barium, zinc, and aluminium o.\id(‘s ar<‘ (In* nutst important 
additional c.onstituents which are (unploycd; up (o 50 ju'r c('nt harium 
oxide may Ixi us(‘<l, but then ordinarily fogefher with boron and 
alumina; melts high in barium at-tack tlu‘ crucible scrionslv, espc'- 
cially if any free silica is present in tlu' clay. 'Plu' d(‘ns<' barium 
glass melts recpiire, mor(M)V{'r, spt'cial furiuuM' treatment to prodinu' a 
glass free from bubbles and other (h'fects such as crystallization 
nuclei. Boron oxide may be used ti() to 20 per cent or inon*; it 
replaces in a measun' silica. In general the use of small Jiuantili('s 
of boric, acid in leu,d glassc's is not. to he reconmuMuled, b('caus<' 
experience has shown that its pre.s(‘nc(' favors the dcv(>lopnu'nt of 
opalescence in th<^ glass on c.ooling. Zinc in ([\iantltics above 12 per 
c.ent is lik<‘.ly to c.a,use. crystallization of the glass. .More than 5 
per cent of alumina tends to remhu' most glass mt'lls t'xtu'edingly 
viscous and practically unworkabh' at. tlu' melting I emperat tnx's; 
in most glasses tlie presence of alumina (h'creast's tlu‘ danger from 
crystallization and renders tiu' glass tough and n'sistant. In thc! 
denso.st barium crown gliusscs up to 10 pin* ctnt ALO, Jiiay he used; 
it aids not only in preventing erystallization of harinm (Hsilieate, hut 
it also improves the working (pialities of the melt uml gla.ss. 'Phe 
presence of chlorine orsnlplmr in the hatch malcu’ials i.s to he avoided 
because of the danger of opaleHe<‘uce. in tlu* finished glass. In 
case those elements are present, it is advisable to run tlu' melt at a 
very high temperature.^'* 

Compare N. L. Bovvon. Jour. Wafih. Atiiid. Sci., H, ^ UHH, UHH; lour. Ccraiii, s,*. o, '.‘til v.si, 
1919. 

Soo J. D.Cauwoodand W. E.S. Tumor. Jour. .Scm-. Ula.iH Twhu., 1, i,s7, 1017; c. .N. Fourier aiul J.B. 
Ferguson, Jour. Am. Ceram. Soc., 1, 498, lOIK: C. N, Fcihut, Jour. Am. (Vmin. a, mo, mid. 



BATCH COMPOSITIONS. 


The presence of arsenic in most glasses is favored by many glass- 
makers because it tends to increase the transparency and brilliancy 
of the glasses; certain experiments indicate that the presence of 
arsenic in the melt probably sets up an oxidizing action at high 
temperatures and thus reduces the effect of iron as a coloring 
agent. Although some arsenic is volatilized in the melt yet an 
appreciable amount remains in the solution. Careful analytical 
work by Allen and Zies of the Geophysical Laboratory has demon- 
strated the presence in optical glasses of arsenic in both states of 
oxidation, as arsenic trioxide and arsenic pentoxide. They consider 
that the chief function of arsenic may be to cause a boil ” and thus 
to sweep out small entrapped bubbles which otherwise rise with 
extreme slowness to the top; they found that in green plate glass 
in which no nitrate is used much more arsenic escapes from the melt 
than from a melt such as spectacle crown glass containing niter. 
R, L. Frink observed crystals of arsenious oxide in bubbles in 
glass, thus proving that at the high temperatures this oxide is vol- 
atrilized from the melt. Allen and Zies conclude ^‘that arsenic 
trioxide is oxidized at low temperature and the product formed 
is stable enough to remain until a high temperature is reached and 
the glass becomes fluid, when it slowly dissociates into oxygen and 
arsenic trioxide, both of which aid in the fining. 

Fenner adds the suggestion that the large bubbles of arsenic 
vapors may in addition collect potential bubbles by functioning as 
vacuum chambers into which volatile substances may evaporate at a 
rapid rate. Be the effect what it may the general practice is to add a 
little arsenic to the batch and the results attained by its use warrant 
its continuance as a component of optical glass batches. 

In the preparation of batches the nitrates and carbonates of the 
alkalies are used in proportions ranging from 1 :5 to 1 :2, depending on 
the type of glass; nitrates alone produce too active a melt, while car- 
bonates alone do not furnish the desired oxidizing agents. Melts high 
in klkalies and made from batches containing alkali carbonates, but 
no nitrates, are difflcult to fine properly. The chief function of alka- 
lies in optical glass is to produce melts which are easily workable; they 
influence the viscosity of the melt; the viscosity of a potassium flint 
glass melt changes very slowly with the temperature; that of a so- 
dium flint glass changes fairly abruptly at a temperature somewhat 
above the softening point. Increase in the total alkali content of a 
glass commonly raises its refractive index slightly; thus in the me- 
dium flint glasses an increase in alkalies with corresponding decrease 


in aiiica, f)or(ront.tif;<‘ of oxide iM'inaininf^ tlu' sanu', raises the 
refractive iiwlex. Both alumina and maj^ru'.sia may exert a pro- 
found effect on the viseosity of tin* melt. In the eompntation of 
batches from chemical aiialysis tiie <lata of 'rid)l<’ 7 are UHtfful. 


Table 7.- -Tahh of molmdnr vrujhtjt emd ratios hrturrn inoUruUir urii/htn for me in the 
computation of tjlass hatches from ehrmirat analyses, 
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rUAtTICAI. AI*J’!,I(’ATI()N.M. 


As an illustration of the us(' of tlu' fi>regoinjL^ diuf^rams the hatches 
for several different typt's of optical p:lasseH will now Ix' dedtie(*d, 

(a) Ascertain the hatrh for an optical ahtss of refractive itnicx, /to 
IMO andv 'SS,7. 

By deffnition v (tii, l)/(n.y n,); act'ordini^ly the nunm dis tu’- 

sion of this ghiss is (),tMt)/;i.*h7 0.01 trio, hnuu (ignrt' \‘A we find 

that a glass of these. pro[)erties is a nunnher of tlu^ Hint, series; 
we may therefore turn tlire.c.tly to (igmres 10 to 22 »uut 20 for the 
desired information; the batch may ht* rejid off directly from ligurt' 20 
or obtained loss directly from figures 10 and 20. 'I'lu' rt'fraf'tive 
index curve of figure 20 shows that tlu' pereimtagf' of hnid oxide, 
PbO, contained in a glass of refraetivu' index a,. 1.010 is 02; from 

figure 19 in. turn we find that the approximatf' eomposition of a 
flint glass containing 52 per cent PbO is SiO^, 41; PbO, 52; and the 
alkalies (KjO, or NajO, or m K^O plus n Na/)), 7. By means of the 
conversion factors listed in ''rahle 7 w(‘ now convert tlu* KjO ink) a 
mixture of K,CO, and KNO^ siieh that the total amount of K,a\ is 
three times that of KNOg. A simple algebraic e.f)mptitation shows 
that this will be the cose if 0.8H, or, roughly, four-fifths of the total 



amount of KjO, is assigned to KjCOg and the rest to KNOgj the 
corresponding factor for NajO is 0.827. The batch then without 
allowance for volatilization is: Sand, 100 kiligrams or pounds; 
litharge (PbO), 126.8; potassium carbonate (anhydrous KjCOg), 20.4; 
potassium nitrate, 6.8. To correct for volatilizatipn the lead oxide 
should be increased a little; as a first approximation subject to test 
and slight modification after a trial melt we may write: Sand, 100; 
litharge, 127; (or red lead Pb304, 130); potassium carbonate, 20.5; 
potassium nitrate, 6.8; and arsenious oxide (AsjOg), 0.6. 

The batch may also be read off directly from figure 29; Sand, 100; 
litharge, 127; KjCOg, 20; KNO3, 7. In the batch diagram, as given, 
arsenious oxide is not included; it is, however, common practice 
among glassmakers to add from 0.2 to 1 kilogram AsjOa per 100 
sand. Too much arsenious oxide especially in the flint glasses may 
cause the glass to turn milky on cooling; but a little is considered 
to aid in producing a colorless glass of high, briUiant luster. 

In case the analysis of the raw materials shows the presence of an 
appreciable amount of water in any one of the substances, such as 
sand or potassium carbonate, proper correction for this should be 
made in computing the actual batch to be used. 

It should be understood that these batch figiues are of the correct 
order of magnitude only; that the nice adjustment of the batch 
depends on a number of factors which are best ascertained by actual 
trial; these factors include size and type of melting pot and of melting 
furnace, resistance of the pot to attack by the glass melt, furnace 
schedule, and treatment of the glass batch and melt. A departure 
of one or even two units in the third decimal place in the refractive 
index and of one or two tenths in the v-value may be found on actual 
trial. A slight modification of the relative quantities of the batch 
substances suffices commonly to produce the desired results. 

(b) State the hatch compositions of a glass of refractive index nD = 
1.517 and v~6Ji..3; n^ — nc — 0.00804 . 

The v-value of this glass is so high that it is evidently a borosilicate 
crown. Eeference to Table 4 of analyses indicates that the optical 
constants of glass No. 17 are closely similar to those desired. In 
general it may be stated that for a borosilicate glass of such high 
y-value, the refringence is unusually high, whereas for a crown glass 
of this refractive index, the v-value is too high. The presence of 
boron oxide in the glass raises its y-value; but, if added in qi antity, 
it lowers the refractive index; barium oxide, on the other hand, 
tends to raise both the refractive index and the j^-value. It is 
evident, therefore, that in order to attain the higher refractive index 
together with high v-value, barium oxide should be substituted for 
the lime of the crown glasses and boron oxide should be present in 
appreciable quantities in order to approach the type of glass desired. 



batch computed on the basis of analysis 1 / and modnied in the manner 
indicated is- the following; Sand, 100; B(()H) 3 , 31; KoCX)^, 31; 
NajCOg, 21; KNO3, 5.2; BaCO,, 0; AaA, 0.3. 

In case a slightly lower Vvahie, as 64.1 or 64.0, i.s(Iosir<Ml, tlic amount 
of B(0H)3 should bo reduced to 30 or even 29. Tlu', int.(U'|)lay of 
boron oxide and barium oxide in optical ghis.scs, ns adoctirig thoir 
dispersion and refringence, is a moat important fa.<d.or for tlic glass- 
maker, to realize. 

(c) State hatch eom/pantion of a, howiiUu'ati’ croion. of nfractive 
index ni)= 1.511, v=^6S.5. 

In this glass the rcfrac.tivc index is h»w and the r-value higii; 
there is no necessity, thoreforo, of substituting Ba( ) for ( la.( ). Anal yses 
9, 10, and 11 may serve as a basis from which to dediuu'. a hatc.h 
composition for this glass; thus an appropriate hat<di would lie: 
Sand, 100; B(OH) 3 , 12; Na/X).„ 22.6; K-IlOa, 15; KNO,, 9; (la(X)„ 
4.5; -AsjOa, 0.4. 

(d) Select two^ glasffes which in combination will produce a tcJesco'pe 
objective nearly free from secondary spectrum. 

Secondary spectrum in a well-cons true.tcul U'h^sc.opci obji'ctivo 
consisting of two glasses in combination n'sults from (he dissimilarity 
of dispersion in the two glasses. It can be readily provcul that, 
other conditions being the same, the amount of sec.ondary sp(‘(*.trum, 
for any spectrum interval, present in a doublet dejamds dire<dfy on 
the partial dispersion ratios of the two glasses and inv(u*sely on the 
difference between the r-valucs. 

The dispersion relations referred to in the for<^goiMg pa.ge.s (viable 
us to select glasses which meet those reciuirements. They may in 
fact be selected directly by inspection of ligure 1 5. As an illustration 
let it be required to select a suitable glass which may lai usi'.d in 
combination with the zinc crown gla.sH No. 26, of d'abh^ 4 of gla.ss 
analyses. The optical constants of this glass are: /(,„ I.512H; 

r = 57.3; n,,.- no =0.00894; n„- "aA/ O.OOfiVr); a.,.. a„- O.OIHKJO, 

no/" 0.00508. The ratio (n„-'m,,)l{7bar ni.) 1.132. From 
figure 15 we find that glass No, 45, a dense barium crown, has approxi- 
mately the same ratio between the two partial dispersions, namely, 
(nD~nA/)/(no/ — nii) — 1.127. Its optical constants are: rii. I. (5098; 
r = 58.8; nir-Wa= 0.01037; 71,,-nA/- 0.00665; ().{)()73(); 

7iG/"n.i,'= 0.00590.'® The partial dispersion ratios for the two 
glasses are; 
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nu-nA> 

Tlv-nn 

7(14 '-Ur 

nr—nt) 

nr —Tilt 

71r--71<. 
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BATCH COMPOSITIONS. 


From the analyses of these two glasses it is not a difficult matter 
to write down appropriate batches. Thus the batch for the zinc 
silicate crown, No. 20, is approximately: Sand, 100; zinc oxide, 17; 
sodium carbona'te (NajOOg), 34; and sodium nitrate (NaNOg), 11.3, 
arsenious oxide (AsjOg) 0.3. A suitable first trial batch for the glass 
No. 40 is sand, 100; boric acid (BCOIDg), 69.5; alumina (AlaO*), 25.7; 
barium carbonate (BaCOg) , 199.5; arsenious oxide, 0.3. The function 
of the alumina in this l)atc.li is to lessen the tendency of the barium 
oxide to form crystallization nuclei of barium disilicatc and also 
to improve the working (juahties of the melt itself.’" 

From diagram 15 we note that a third glass, namely, the barium 
crown No. 27, lias almost the same disjiersion rehitions; its ratio 
■ - Hi,) is 1.132. Its partial dispersion ratios are 0.640, 
0.703, and 0.5()5 for tlie intervals I) to A', F to P, and (F to F 
compared with the nu'.aii disjicrsion for the interval 7^' to (\ From 
analysis 27 a first trial bal.ch composition may be computed by the 
methods outliiK'd and found to Ixc Sand, 100; boric acid B (Oil).,, 9; 
zinc oxi(l<', S.4; barium carixmab', •11.7; sodium carbonate, 9; 
potassium carbonate., 13.5; pol.a.ssium nitrate, 9.5; arsenious oxide, 
0.5. The addition of more barinm carbonate: to this batch would 
raise th(\ ndructive imh'.K. As the amount of BaO is raised, that of 
the alkaru's is lowenxl in order [larlly to lydiu'e the c.orrosive action 
of the mell, on the pot. 

'These e.xaupiles sudice to indicate that, the proldem of batch com- 
positions of optical gla,ss(>s at. tlie pn'scMit, tinu^ until more', data have 
been made available, is one of iuter[)olation together with a certain 
amount of e.\p('ri('nc.(‘. which (mables tlx*, glassinakcu- to determine 
what the behavior of the melt, will be under the conditions at his 
plant.. Ill all cas('s it. is advisabh* to pn'[)ar('. small melts, 5 to 50 kilo- 
grams in weiglit., t.o st.ir t hixse properl3', and t.o as(‘ert.ain the optic'.al 
consl.ants of l.lu'. finislnxl glass, (hxxl ((uality glass (‘an not be pro- 
duced by this prtx’(xlur(^,• and t.he condit-ions are dist.inctly diirerent 
from t.host^ in l lu' nudl. of a larg(M‘harge of 500 to l ,()()() kilograms; 
but. tlu'. onhs’ of magnit udes of tin* optical const ants obt ained is conv.c.t. 
It is also advisable to hold thes small charge melt for a relativcdy 
long pc'.riod of t.inu' at, l.(Mnperat.urcs sonx'what. below the final st.irring 
temperature's in onh'r to ascertain the h'luh'iicy of the melt, to crystal- 
lizes or t.o IxM'oine' milky and opale'sceuit.; the' batch can t.lu'ii be', modi- 
fie'd accordingly. 

n. may Ix'. of inte're'sf, to note' t.hat. this part of the' general problem 
of opticid ghiss inanufeicture^ prove'd, during the' war, to be one of 

>9 Tilts fut'I, Unit. Ilif valiii':; tif Ihciis two (;liiw<‘'i uri'sui nearly ttlikts is; iitifuvtiriiblo from a practical .stand- 
point InscauMi tindi'r the .0 conilUinn:! Uit' power of the n'suUlnr. combination 1 h weak and stoap ciirvea arc 
rotiulrctl to attain cvi'ii a low powt-r. 'I'wo ),;las‘.t';:, for which tins dilTi'nsncc In c valiust; ia Ic.ss than l.'i.O, 
are not generally consldurctl ncccptublt' for uchromullc ilmihltsta. 



MANUFACTU 

















manufaotuhk of optical class. 


worked over, back and forth, by slioveliofj; tlic materials from one 
end of the box to the other; in this operation tlu' ('Ifort is ma(l(‘ to 
mix the materials by turning and spnaxlin^i: eaeli shov<'lfijl. 'TJn. 
workmen soon become skilled at this task, and analyses show that a 
highly uniform composition throughout the mass can be obtained by 
this method. It has, however, (‘ert.ain disadvantages. 'Pbe shifting 
about of the powdered materials raises an appreciable aimuint of 
dust, which is breathed in by the workmen. 'The worknx'n arc* sup- 
posed to wear aspirators, but they are la.K ami may fail to regani 
this precaution; they inhale the dust, of haul (txide, arsenue, and 
strong alkalies, and this in time seriously alfeets their luadtb. I'liis 
situation is somewhat improved by tlu' use* of strong ventilators 



FI(1. :i(). -MlxiuK I'lKl HlftliiR thn nmlorliib f..r Umrnw Imi. h I.y hn.ul t 
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placed about the mixing boxes; such ventilators remove the tine 
dust from the room fairly well, but if the sucti.m is to,, violent (he 
lighter portions of the hateh an* apt to la* eanied nwH> . 

Mechanical mixers are in general use at hirg<‘ plants. :il i 

Experience has shown that these are ellieient, (he ehief objeethm to 
thorn bornp; lliat, ,f any moU.I pariM, suol, as ir„„. a,-,. H,,.,. 

arc ahra<l<.y and mm is (horol.y 1 i„i„ ||„. l,ai,.|,, i„ 

"»'.v air, -. I |1„. „f 

yass. ()( tiio niooliamoal d,.vi,-os the ,ml„' inixri: l,,,,..! vwll. ann.l 
and oquippod with pad, lias have pn,v,-,l satisf„,.|,., x ; al- a , 

Teans Hr T' *’■' ''‘-■ln•'u,•al 

0 ^:, - 


GULLET. 



the danger to the men’s health, mechanical mixers would probably 
not be used. 

Cullft. Ihe quality of glass required for optical purposes is so 
high that the percentage of good glass finally obtained from each pot 
rarely exceeds 25 per cent. Part of this wastage results from the 
several operations through which the glass has to pass from the pot 
stage to that of final acceptance; but a considerable portion of the 
pot glass is rejected on first inspection because of striae, bubbles, 
shape and small size of fragments, and other defects. Rejects of pot 
glass are called “cullet,” and are commonly remelted together with 


Fio.lU. -MocliiiiiiLial hiUch-inixcr. ( l’lu)U»(?rtn)li by J. .Smijip at tJui plant of tho Biuisch «fe 

Lonil) tlpUcnl Co.) 

fresh batch. Two purposes arc thereby served — valuable material 
is saved and the molting pot is protected in a measure from the active 
corrosive action set up on the melting down of the raw batch mate- 
rials. 

The amount of cullet which may be used is more or less indeter- 
minate. Experience has shown that good results can be obtained 
from melts free from cullet; also from melts containing 50 per cent 
of cullet. Good practi(‘.e is to use up the available cullet and not to 
allow it to accumulate. Cullet intended for a batch is broken un 




MAlSrUl-’ACTURE OF OPTICAL GLASS. 


inches in diameter. In this form it is easy to mix with the batch 
materials and also to handle in a shovel or scoop. Iron may be in- 
troduced during this operation, and the cullet fragments should be 
passed over an electromagnet before mixing with the batch materials. 
In the handling of cullet the most scrupulous care must be taken to 
keep the cullet from a particular pot of glass separate from all others. 
The object in all cases is to obtain optical glass of predetermined 
optical constants, and the admixture of any cullet of abnormal optical 
constants has a pronounced effect on the optical constants of the final 
product. Furthermore, cullet, after having been once through the 
melting process, is commonly richer in iron and other impurities 
than the raw batch materials. Cullet which is strongly colored 
should therefore be used only in limited quantities. In case the 
optical constants of available collet are slightly different from those 
of the glass desired it is the task of the manager so to adjust his raw 
batch composition that the resultant glass will have the correct val- 
ues. If large quantities of cullet are used, it is considered to be 
good practice to increase relatively the amount of nitrates in the 
batch in order to produce an actively oxidizing melt. In no case 
should cullet containing stones or fragments of pot wall be used. 

FURNACE OPERATIONS. 

We come now to the most spectacular and to the novice the most 
interesting period of the glassmaking process. The batch is moved 
from the batch room to the furnace hall, where it is to pass through a 
fiery furnace and there to be transformed into glass. The glass- 
making process consists not of a single operation, but of a series of 
operations which are carried out one after the other and for which a 
definite schedule is commonly arranged. These operations include: 

(a) Preheating, in a pot arch, of the pot in which glass is to be melted; 

(b) transference of the pot from the pot arch to the melting furnace 
and setting of pot on even keel in the furnace; (c) baking or burning 
the pot at a very high temperature; (d) glazing of the pot; (e) filling 
in the batch; (j) melting and fining; (d) skimming and stirring; Qi) 
cooling of melt in furnace; (i) removal of pot from furnace; (j) 
cooling of pot to room temperature. These steps will be considered 
in the order named. 

Preheating of the pot in the pot arch . — To be effective the furnace 
hall of the optical glass plant requires not only melting furnaces in 
which to melt the batch but also a number of pot arches in which to 
preheat the melting pots. The pots, as they are received from the 
pot-maker, are thoroughly well dried and free from cracks. Al- 
though massive in appearance and several inches thick, they are in 
fact very fragile and must be handled with the utmost care as they 



SETTING OF THE POT. 


are in reality built-up clay masses which, if jarred severely, may crack 
and fall apart. 

The clay of the crucible contains even in the dry state a large 
amount of water in chemical combination as well as adsorbed water; 
this must escape during the heating of the crucible. It is the task of 
the glass maker to heat his crucible so slowly and so uniformly that 
during the operation it does not crack. The heating is commonly 
done in a simple type of gas-heated furnace, equipped with a short 
stack, in which gas flames mount over the breast wall, pass along 
the arch or crown and are drawn out through openings in the floor 
of the furnace. A pot arch of this type is not difficult to regulate, 
but it requires constant care to keep it properly regulated. If the 
gas flames play directly on the green pot a crack is certain to develop 
along| the path of the flame. 



Fig. 32. — Preheated pot in process of transfer from pot areh to melting furnace. Furnace 
door is raised and furnace siege (floor) has been made ready to receive pot. Pot is trans- 
ferred by a “pot wagon. ” ( Photograph by J. Harper Snapp at the plant of the Bausch & 

Lomb Optical Co.) 

The melting pot is placed on three firebrick supports 6 or 8 inches 
off the ground in the pot arch; the arch is sealed and the heat turned 
on slowly. The period of slow preheating depends on the size and 
kind of crucible; but ordinarily three to five days is about right; by 
this time a temperature of 800° to 1,050° C. (1,475° to 1,900° F.) has 
been reached and the hot pot may be transferred to the melting fur- 
nace which is heated to about the same temperature. The pots are 
transferred by means of a pot wagon, which may be described as a 
huge pair of tongs (mounted on wheels and with adjustable counter- 
weights) which grasp the pot beneath the outer flange of the pot. 
(Fig. 32.) Half a dozen men can handle without difficulty a 36-inch 
pot even when filled with glass and weighing 1,500 pounds. 

Setting of the pot . — During the period of intense heat developed in 
the melting furnace its floor or “siege” becomes somewhat soft, the 
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pot of molten glass sticks to it and on removal has to be pried up 
and loosened from it. This operation leaves the siege uneven. Be- 
fore introducing the preheated, empty pot the glassmaker accordingly 
uses long iron rods and pushers to level the siege. He scrapes off 
protruding high spots as well as possible and then fills in the cavities 
with fresh sand and spreads a final thin layer of -sand over the pot 
area in order that the pot may rest on a firm, level foundation and 
not be subjected to unnecessary strains. Care should be taken not 
use too much fresh sand in this operation, otherwise the siege be- 
comes too high in the course of time. 

The pot is set on the level siege, the furnace door (tuille) is lowered 
and sealed, and the fire is turned on. 

Baking oj the pot . — In the course of several hours a furnace tem- 
perature of 1,400° to 1,500° C. is attained; the empty pot is baked 
at a temperature of 1,425° to 1,450° C., depending on the kind of pot, 
generally for an hour or more to allow the clays to sinter together 
and even locally to show incipient melting, so that the texture of 
the pot walls becomes dense and is then not readily attacked by 
the molten glass. The pot is purposely superheated above the fining 
temperature of the glass, in order to render its inner walls dense and 
chemically resistant. The duration of the burning differs with the 
kind of pot employed, but it should always be sufficiently long to 
insure proper quality of walls. The burning may be done in a pot 
arch providing a sufficiently high- temperature can be reached in the 
arch; in this case the pot, after burning, is transferred to the melting 
furnace, thus shortening the glass-melting period. 

Glazing of the pot . — After thorough baking of the pot the furnace 
temperature may be lowered to the fining temperature of the glass 
or even slightly lower, to 1,325° C. (2,300° to 2,400 F.). Charges of 
40 to 50 pounds of cullet are now filled into the pot at intervals of 
half an hour by means of a long-handled scoop or ladle; more cullet 
may be used if desired. In filling in the cullet from his scoop, the 
glassmaker endeavors to spread the material around the inside upper 
walls of the pot, whence it flows to the bottom, which it should cover 
to a depth of at least an inch. The. function of the cullet glaze is to 
protect the walls of the pot from the batch. If the glazing is done 
at a very high temperature there seems to be a tendency for the thin 
molten glass to enter into the pot walls and leave them dry and 
unprotected. The glazing period may extend over one to three hours, 
depending on the amount of cullet used and on the furnace time- 
schedule. The furnace has now been held for several hours at a high 
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ner that the batch is introduced in quantities sufficiently small that 
they do not seriously cool down the melt in the pot and yet large 
enough to insure an economical use of fuel and of time. (Fig. 24.) 
With each fill of the batch and consequent opening of the furnace 
port, there is a perceptible cooling down of the furnace; with the 
introduction of each ladle of the batch there is furthermore an appre- 
ciable amount of the batch lost, which rises as a cloud of dust, enters 
into the furnace chamber, and is carried away by the gases; the 
dust settles in part on the walls and arch of the furnace and shortens 
its life appreciably. During the filling-in period the temperature of 
the furnace should be kept fairly high. If the temperature is held 
too low, the reactions within the melt proceed slowly and uneco- 
nomically; if too high, the reactions proceed too violently and the 
pot may boil over and be seriously attacked by the chemicals. Each 
successive fill of batch-mixture is made before the preceding fill has 
been completely dissolved and while undissolved grains of sand are 
still present in the melt. Experience has shown that the filling may 
be done at high temperatures without serious attack of the body 
walls. It is the task of the furnace operator to hold the temperature 
of the furnace sufficiently high that the melting down proceeds fairly 
rapidly without serious danger of boiling over and without serious 
attack on the walls of the crucible. In short, the filling-in should 
not be done in such large quantities that the pot is appreciably 
cooled; nor at too frequent intervals, nor in too small quantities; 
otherwise there is serious loss by volatilization and escape of dust. As 
the filling-in proceeds, the temperature of the furnace should be raised 
to the fining temperature which ranges from 1,375° to 1,425° C. for 
the ordinary kinds of optical glass. The pot is filled finally with 
metal to within an incb of the top. 

Melting and fining . — There are certain features of the glass-melting 
process which have not yet been definitely established and which can 
only be approximately determined because of the number of varia- 
bles involved. Raw materials of high purity are essential; freedom 
from iron is necessary because it is the chief coloring agent. The 
danger of iron coloration from pot solution can be reduced by using 
pots of high chemical resistance and low iron content, by a thorough 
baking of the crucible at a temperatme considerably above the fining 
temperature of the glass, and by shortening the glass-melting period 
as much as possible. Experience has shown also that the iron in the 
ferrous-ferric state produces a maximum amount of coloration with 
a given percentage of iron; that iron in the ferric state produces 
relatively much less coloration. It is essential, therefore, that care 
be taken to run the furnace with an appreciable excess of hot air; 
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if the furnace construction is good the atmosphere above the batch 
is oxidizing and long lazy reducing flames do not sweep across the 
top of the pot and tend to reduce the ferric state of the iron. In the 
regenerative type of furnace a reducing atmosphere is avoided by 
first shutting off the gas on one side of the furnace, opening the 
butterfly, and then waiting for half a minute before turning on the 
gas on the opposite side of the furnace. This plan enables the fur- 
nace to get into proper balance and draft, and eliminates the pres- 
ence of black sooty flames every time the direction of gas flow is 
reversed (10 or 20 minute intervals) . Experience with furnaces indi- 
cates that the regulation of the temperature of the glass-melting 
furnaces is one of the most important factors in the manufacture 
of optical glass; this applies not only to preheating and baking of 
the empty pots, but also to the filling-in and the glass-melting 
temperatures. 

The filling in of the batch and the complete melting and solution 
of the batch components is accompanied by an evolution of the vola- 
tile components of the batch; the final product is a solution of silicates 
free from bubbles. Experience has shown that agitation or vigorous 
stirring of the melt during, and especially toward the end of the filling- 
in period accelerates -the solution and melting down of the batch and 
tends furthermore to reduce the differences in concentration in dif- 
ferent parts of the melt. In particular it prevents the heavy lead 
oxide components of the batch from sinking to the bottom and thus 
forming a heavy layer which later is difficult to eliminate. Moreover, 
the stirring of the melt during the period of intense chemical reaction 
tends to favor the escape of any bubbles which may be formed. 
The stirring should not be so violent that the foam which forms on 
on the surface of the glass melt is stirred into the glass mass. Stirring 
at this period decreases the time of melting and shields the pot from 
attack by the solutions and cuts down the amount of gas used. As a 
result of the intensive study of these factors Dr. G. W. Morey, of 
the Geophysical Laboratory, was able to shorten the melting period 
from 36 horns to 24 hours. 

At the end of the filling-in period, the glass is fairly well melted, 
but the chemical reactions, which take place and which mean the 
replacement of carbonates and nitrates by silicates and borates (if 
boron be present) and the driving off of the volatile gases, require 
some hours for completion; during most of this period the molten 
glass is filled with small bubbles and the escaping gases and chemical 
reactions tend to keep the temperature of the melt down. Toward 
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gas becomes more pronounced, the melt enters the stage of the “open 
boil,” and then passes into the “fine or plane” stage at which it is 
relatively free from bubbles and seeds. 

In the glassmaking industry the fining of the glass melt is a most 
important factor. The fining is evidently a stage attained by the 
melt in which the saturation limit for the gases (COjand NjOg) is 
relatively low and presumably becomes progressively lower as the 
carbonates and nitrates are eliminated from the melt. There is some 
evidence that the batch containing only nitrates and no carbonates 
fines at a lower temperature than the nitrate-carbonate batch; there 
is also evidence that at high temperatures arsenic pentoxide dissociates 
into oxygen and arsenic trioxide and causes an evolution of gas which 
tends to sweep the glass metal clear of small seeds toward the end of 
the fining period. Because of its importance to the whole glass manu- 
facturing industry a careful study of the gas evolution- time- tempera- 
ture relations in different glass batch types should be undertaken; 
preliminary investigations along these lines have been undertaken 
by Dr. E. G. Zies, of the Geophysical Laboratory. The data obtained 
by these studies should give a clearer insight into the glass-melting 
process than has heretofore been possible and will enable glass- 
makers to establish scientific control over their melts. The problem 
is fundamental in character. The study of the chemical reactions 
at high temperatures which take place on the conversion of the 
carbonate-nitrate solutions into a solution of silicates is essentially 
that of the glassmaking process, and the more we know of these 
reactions and their rates, the better can they be controlled. 

The optimum temperatures for fining the glass are different for 
different glass types. In general the crown glasses (light crown, 
borosilicate crown) fine well at 1,400° C. or a little higher. Medium 
flint melts, on the other hand, are less viscous and fine well at 1,370° 
C, In case there is danger of milkiness, because of the presence of 
small amoimts of chlorides or sulphates, or too much arsenic or other 
opalescence-producing compound, the melt should be fined at a 
higher temperature, 1,425° C. or still higher, if the pot will stand it. 
At high temperatures the pot may become fairly soft and be attacked 
by the metal, and stones or leakage may result; furthermore, because 
of increased volatilization, the optical constants of the melt change 
rapidly. 

The ease with which molten glass rids itself of bubbles depends 
somewhat on the type of glass. The flint glasses are relatively liquid 
and commonly fine readily. The crown glasses are in general more 
viscous and may cause trouble during the fining stage. To facilitate 
and to expedite the fining of the glass, “blocking” of the melt is 
frequently resorted to; this process consists in introducing into the 
melt a small amount of some volatile substance, such as water, which 
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on escaping forms large bubbles and sets the melt in violent agitation. 
The details of this process are described below in the section on 
stirring. 

At different periods during the melting and fining stages of the 
glass, proofs or dips are taken to ascertain the condition of the metal. 
For this purpose an iron rod flattened at the end, with a shallow cup 
s attached to the bent end of the rod, is inserted into the metal and 
a sample of molten glass is ladled out; or a small quantity of glass 
is gathered on the end of a small iron pipe and blown into a spherical 
flask. The operation is done as quickly as possible; the rod with 
its dip of attached glass is withdrawn and examined during cooling. 
In the case of proofs the base of the cup is cooled in a pail of water; 
the hemispherical proof is then removed and placed on top of the 
melting furnace, where it cools down slowly. 

Skimming . — Toward the end of the fining period bubbles of fair 
size escape freely and the stage of “open boil" begins; with the close 
of this period the melt is reasonably free from seeds and bubbles and 
is said to be “fine" or “plane." During the fining process scum, 
stones, and other materials which are specifically lighter than the 
metal rise to the top and can be seen floating on the surface; these 
are removed by “skimming." A long iron rod with a cross plate 
attached to the end is passed over the surface of the metal and the 
froth is skimmed off. Care is taken in this operation not to submerge 
any of the floating islands of scum because they reappear only slowly; 
also not to remove any more of the good glass than is necessary 
because of the changes in optical constants of the glass which may 
result therefrom. 

Stirring . — Ordinary types of glass consist chiefly of silicates in 
solution; geological and experimental evidence proves that silicates, 
such as are found in glass and in igneous rocks, are miscible in all 
proportions. From the layers which are sometimes observed in 
optical glass melts, especially in the heavy flints, one might infer that 
limited miscibility between certain phases exists; but it is easy to 
prove that the layers are the result of gravitative differentiation, 
the heavy, lower-melting lead oxide and other components of the 
batch settling to the bottom, the light sand particles rising to the 
surface. Such stratification in layers of different density is not an 
uncommon thing in glass melts and is overcome by stirring and by 
blocking. Once the melt has been rendered thoroughly homogeneous 
slight differences in composition may still be introduced as a result 
of volatilization from the surface of the melt and solution of the pot 
walls along the sides and bottom. The chief purpose of stirring is 
to render the melt homogeneous. 

Stirring was first introduced by P. L. Guinand, a Swiss maker of 
glass, who used a clay stirring rod operated by hand. Guinand pro- 
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duced glass of good quality, some of which was used by Fraunhofer 
in astronomical telescopes. Hand stirring (fig. 33) is still employed 
at many factories during the early part of the melting period for the 
purpose of thoroughly mixing the melt so that great differences in 
composition do not exist; the stirring begins while the melt is still 
active and undissolved sand grains are still present. Stirring at this 
stage of the process accelerates the chemical reactions within the 
melt and aids greatly in the attainment of homogeneity. Hand 
stirring of this kind is best done intermittently in order not to cool 
down the molten glass appreciably and also to allow bubbles to 
escape. 



f IG. 33.— stirring an optical glass melt by hand. (Photograph by J. Harper Snapp at tho plant 
of the Bausch <fe Lomb Optical Co.) 


Following Guinand’s practice, the clay stirring tube or thimble is 
first cafefully heated to a bright red in a small gas furnace and then 
placed on the breast wall of the melting furnace where it attains a 
white heat; from here it is conveyed to the edge of the melting pot, 
inserted slowly into the melt and then withdrawn and allowed to 
remain for another hour on the edge of the crucible with its closed 
end floating on the molten glass. This treatment allows the glass to 
penetrate into the clay mixture and to drive out gases which would 
otherwise escape into the melt and be difficult to eliminate. The 
clay tube is now attached to the end of the water-cooled rod, and 
stirring by hand or by machine may begin. The clay stirring tubes 
should be at least 3 inches thick at the bottom and 4^ inches at the 
top with a collar 1 inch thick to give strength to the end of the tube 
into which the elbow end of the water-cooled stirrins: rod nasses: also 
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to furnish a flange with which to support the tube when the stirring 
rod is removed. The tube should be about as long as the pot is deep. 
The tubes are commonly made at the plant from the material of raw, 
broken pots. (Fig. 34.) llie end of the water-cooled, iron-pipe 
stirring rod is preferably a square block of iron about 4 inches long and 
1 inch thick, set at right angles to the rod; it fits fairly snugly into 
the square hole at the top of the fire-clay stirring tube and holds it 
in position during the stirring operation. 

If hand stirring is used, the water-cooled stirring rod passes over 
a small grooved iron wheel, mounted on a pivot directly in front of 
the small opening in the furnace door. (Fig. 33.) To relieve the 
workman of supporting the heavy rod during the stirring operation, 
it is counterbalanced by weights suspended from pulleys which con- 



Fio. 34.— Clay stirring-rod attached to water-cooled stirring rod mounten on a stirring 
machine. (Photograph by J. Harper Snapp at the plant of the Spencer Lens Co.) 


nect to its cold end; at this end a crossbar, preferably of wood, is 
attached and with it the rod is held and guided by the workman. 
Skill and practice are required to stir well by hand. There is danger 
at first of scraping the sides and bottom of the pot and of disengaging 
the clay tube, but with practice the motions become routine and 
workmen find no dififtculty in stirring continuously during a 20-minute 
shift. During actual stirring the eyes of the workman are shielded 
by proper glasses to cut down the intensity of the light and heat 
radiated from the furnace. 

ETand stirrinv is satisfaetnrv fnr t.bp, pnrlv otirrinor n-nArfifiriTic Knf. . 





STIRRING PROCESS. 


moved from one furnace to another. (Fig. 34.) Dijfferent mechan- 
ical means are employed to impart to the stirring tube the desired 
motions. A rotating metal plate can be used, to which the cold end 
of the stirrer is attached; and by an automatic screw feed this end 
can be made to describe circles of continuously varying radii if 
desired; the middle of the tube is pivoted on a metal pin which slides 
in a groove that can be inclined at different angles, thus imparting 
the desired degree of up-and-down movement to the stirring tube. 
A maximum up-and-down stroke of the stirring tube of 4 to 6 inches 
is about right. With this arrangement the curves described by the 
stirrer are approximately circles combined with the up-and-down 
stroke; The stirring machine is adjusted to proper height of the 
stirrer by means of small jackscrews permanently attached to the 
framework. Similar motions of the stirrer can be accomplished by 
means of systems of gearing (planetary) and have proved satisfactory 
in practice. The curves described by these systems, especially if the 
axis, on which the rod is pivoted, is fixed, may depart in shape con- 
siderably from a circle. The requirements to be met by the mechan- 
ical stirrer are: Ability to impart to the stirrer approximately circular 
motions of different diameters; at the same time an up-and-down 
movement if possible; variable speeds varying irom 30 down to 4 or 
5 revolutions per minute (speed preferably continuously variable or 
if by steps, by at least four steps) ; stirring rod easily and quickly 
removable; ease and certainty of manipulation. In all mechanical 
stirring the stirring tube should never approach nearer than 2 inches 
to the sides or bottom of the pot. 

The significance of the stining process is best realized by analogy. 
In the case of sugar dissolving in hot water or tea the obvious method 
to expedite the rate of solution and to render the solution homogeneous 
is to stir it vigorously with a spoon. Similarly, fine or heavy striae 
can be absorbed and the glass rendered homogeneous by effective 
stirring; but this stirring must be done in such a way that the 
different parts of the melt are thoroughly mixed and at sufficiently 
high temperatures that the rate at which diffusion acts to eliminate 
differences in concentration is sufficiently rapid to enable the glass 
to become homogeneous within a reasonable period of time. The 
higher the temperature the thinner the metal and the more rapidly 
are the differences of composition eliminated by diffusion. The need 
for an up-and-down and an in-and-out motion with a stirring rod of 
sufficient size to be effective is evident. A homogeneous solution of 
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merge completely to produce a homogeneous mixture. These prin- 
ciples are stated somewhat in detail because they are fundamental 
to the attainment of good opti<*.al glass. This treaXment of optical 
glass is different from that of any other kind of glass, such as plate 
glass, and may therefore not appear to b(‘. important^ to the skilled 
maker of plate or window glass whose interest, c.(‘, liters chietly in 
seeds and heavy stihe, but not in tin(‘. stihe wbich are almost imper- 
ceptible to the unaided ey(‘.. 

An instructive experiment to illustrat,e the formation of strijc and 
the effect of proper stirring on the elimination of st.ria'. is to mix, 
in a beaker glass, glycerin and water, or glyciu’in and alcohol, or 
syrup, honey, or molassi's and water; stirring rods of ditrerent shapes 
and sizes may be used to asciu’t.ain th(‘. efh'cts of tlnv ditleriuit possible 
methods of stirring. During the lirst part, of th(> mixing process the 
more viscous liquid (glycerin or syrup) forms a sm'ics of veins, 
strings, ribbons, whic.h disturb the evim course of the light rays 
through the solution and render it s(unitransparen(.. As t lu'. stirring 
continues the heavy conls and threads deenaisi' in distinc.t.iu'ss and 
sharpness and the solution ap|)ears to be tilh'd with line, lines. After 
further stirring the solution becomes eltMinu’ and linally al.tains a 
state of c.omplete mixing; it is [uau’lically homogcuieous. d'lu'se 
experiments aid the observin' in visualizing the stirring proe(^ss and 
impress him not only with the signilieanet^ of stime and their elimi- 
nation, but also with the relatively long pin'iod of tinu' rmjuired to 
render even a relatively thin solution, such as glycerin and water, 
homogeneous; he realizes at. once tin* im[>ortane(‘ of the thorough 
and long-continued stirring of ofitieal gla.ss at high tnnqxn'atures in 
order to attain homogemnty. 

In the early stages of the final nudfing proee.ss of optical glass 
pronounced differences in I’omposition (\xist in tln^ glass nudt; diffu- 
sion acts to diminish f.lu'se diflerenct's in conci'nt rat ion. The rate at 
.which this is accomplislK'd dejiends on the concmit rat ion diffen'iK'es 
fronrpoint to point in the melt; th(^ more numerous and t lu' gnaiter 
these differences are betwi'cn adjacent points, tlu' mon* rapid is the 
transfer of material by diffusion and thi'. soomu* is homogi'iu'ity 
attained. Elements of different composition art', spread out and 
brought into diree.t contact by stirring. .Vlt hough at. high l(‘ni|>er- 
aturcs the pot walls are di.ssolved more rapidly, yet indc.ss tin* stirring 
is carried on at a high tcmpt'rature it. is incffcctivt*, and fine stria', 
are introduced whic.h are not eomplett'ly tiigt'sted by tlu' nu'lal. 

The function of the fh'st part of the st irring process which takes 
place while solution within the melt is still activt' is to mix tht'. melt 
thoroughly. The stirring is done rapidly and the mt'lt is vigorously 
agitated. This kind of stirring should ht* maintained until all ele- 
ments in the batch have been comTilelt'ly dissolvt'tl and tht' volatile 



components have escaped. It is not necessary, however, that the 
stirring be carried on continuously during this period; in fact it is 
better to stir the melt intermittently, because during this stirring 
period the temperature of the furnace necessarily falls and the melt 
is cooled somewhat. Thus by stirring for 15 minutes and then 
closing up the furnace and allowing it to attain a high tempera- 
ture, the. chemical reactions take place more rapidly and there 
is less chance for great differences in concentration to be set up 
Such stirring is best done by hand and an effort is made to stir up-and- 
down and in-and-out with a spiral motion. This part of the process 
mixes the melt thoroughly and aids bubbles to escape. The stirring 
should not bo done so rapidly that escaping bubbles are carried down 
into the melt. Toward the end of this process the characteristic 
stage of the reaction known as the “boil” of the molten glass begins 
and stirring by machine may now commence. 

As an aid to hand stirring, blocking may be used ; this mode of treat- 
ment aids also in the finishing of the melt. Blocking consists essentially 
in introducing into the melt a highly volatile substance, such as water, 
or arsenious oxide, or ammonium nitrate, which produces a sudden 
evolution of gas; this gas, on escaping through the melt, agitates it 
violently and tends not only to mix the melt, but also to sweep out 
any fine bubbles which may be held in it. The method of blocking has 
been used for many years in the plate and window glass industry and 
derives its name from the fact that blocks of wood soaked in water and 
held by a proper clamp are commonly thrust down into the melt; 
the intense heat causes a violent evolution of steam from the water, 
which produces the do.sired effect. Lumps of arsenious oxide answer 
the same purpose ; also sticks of ammonium nitrate. An iron rod is 
used almost invariably in this connection and inevitably introduces 
a certain amount of iron into the melt. For optical glass this would 
bo .serious if the amount were appreciable, and care should be taken to 
employ clean iron rods free from scale. The method of blocking can not 
entirely replace hand stirring because the whole blocking action lasts 
for an exceedingly short time; but as an aid in fining the glass and 
in bringing about an open boil, blocking may be advantageous. The 
blocking is most effective if introduced at the beginning of the “ open 
boil'’ stage of the melt. The injection of blocking material should 
bo repeated several times in rapid succession, to be followed after 
an interval of 10 to 20 minutes by a second series of similar injections. 

The glass is now fairly homogeneous and the task is to attain still 
greater homogeneity. This is best attained by mechanical stircing at 
temperatures slightly below the fining temperatures. During the 
melting process the glass is in a constant state of change. Volati i- 
zation of certain components of the melt proceeds at an appreciable 
rate from the time the batch enters the pot until after the pot has 
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been removea irom. me inmace; me wans oi tne pot are moreover 
attacked and solution of these walls takes place at a rate dependent 
on tile quality of the pot. The changes in composition which arise 
from these two sources are restricted, chiefly to the margins of the 
melt, namely, the bottom, the sides, and the top. In all cases these 
changes tend toward an increase in the percentage of silica in the 
melt. Any factor therefore which produces a movement of the 
margins of the melt toward the center necessarily introduces into 
the melt streaks of different composition and hence of different opti- 
cal properties. The factors involved in such transfer of materials 
are primarily mechanical movement and thermal convection currents 
set up as a result of differences in temperature between different parts 
of. the metal; in the case of pot solution the lighter, more siliceous 
material from the pot tends to rise, thus setting up a current and 
allowing fresh melt to continue the attack on the walls. It is impor- 
tant that the temperatqre of the furnace be kept uniform, and that 
the stirring he done in such a manner that the marginal parts of the 
melt are disturbed as little as possible. In the case of pots which 
are chemically resistant, the danger of trouble from the walls of the 
pot is relatively shght and glass of good quahty should extend to 
the margin of the pot. The stirring rod during mechanical stirring 
should not approach nearer than 2 inches to the sides or bottom of 
the pot, the object being to insure homogeneity in the central part 
of the glass mass and to shield this by leaving an undisturbed shell 
of molten glass between it and the pot walls. At the beginning of 
the period of steady mechanical stirring the rate of stirring should 
be fairly rapid (25 to 30 strokes per minute) ; there is, however, no 
special reason for a pronounced up-and-down moTement at this stage, 
because by. this time the differences in concentration between different 
parts of the melt are small and the function of the stirring is simply 
to eliminate these small differences and to obtain a melt uniform in 
conaposition throughout. Machine stirring at fairly high temper- 
atures is continued for some hours and a high degree of homogeneity 
is attained thereby in the melt. 

Were it now possible to have the molten glass acquire instan- 
taneously room temperature in a Well-annealed state, much of the 
glassmaker’s troubles would be eliminated; but this is not the case, 
and the fiunace operator endeavors during the cooling-down period 
to retain the homogeneity which the metal has acquired. This 
period is critical, and much glass may be lost in this operation unless 
extreme care be taken. 

The gas is turned off and furnace and melt are allowed to cool 
slowly. Sthring is continued, but at a decreased rate and with 
shorter stroke, and the vertical motion is eliminated. The function 
of the sturing from now on is defensive only and seeks to efface the 



which selective volatilization is ever active. These sources of inho- 
mogeneity do not produce great changes in the total composition of 
the melt, but, if allowed to be carried by convection currents through 
the melt, they leave a trail of very slightly dififerent composition and 
this means striae in the final product. When we consider that the 
refractive index of a heavy stria or cord differs from that of the inclos- 
ing glass by only one or two units in the third decimal place, we 
realize how slight the differences in chemical composition actually 
are and how essential it is to aid diffusion in smoothing out these 
minute differences by persistent stirring. 

The rate at which to stir the molten glass during the cooling-down 
period is a matter to be learned by experience. It is desirable at 
aU times to stir it as rapidly as possible but with certain limitations. 
As the melt cools the glass becomes stiffer, and the stirrer tends to 
carry before it a wave of glass which becomes higher and more pro- 
nounced the more viscous the glass and the faster the stirrer travels 
through it. The stirring should not be so rapid that part of this 
wave is at any time infolded into the wall because bubbles and the 
lower refracting surface film are thereby introduced; the stroke 
should, moreover, be so slow that the glass at the margin of the pot 
is left undisturbed. 

During this part of the process there is, little chance for the bot- 
tom of the pot to cool off, and it tends to function as a heating plate 
and to set up convection currents within the melt. The effect could 
be eliminated, if there were some easy method available for raising the 
pot and setting it on fire-clay supports at this stage, but no: satisfactory 
method for accomplishing this is known to the writer. It is well to 
keep the door (tuille) of the furnace raised slightly during this period 
so that through the opening, several inches high, along the bottom, 
cool air can enter and cool the base of the pot. In case of necessity 
a cold air blast may be directed against the base of the pot; this 
has been tried, but the results attained do not seem to warrant the 
extra trouble involved. 

Stirring of a cooling-glass melt can not be continued indefinitely 
because the glass becomes so stiff that further movement is impossible. 
It, is the task of the glassworker to determine when stirring shall 
cease and the pot be removed from the furnace. It is desirable to 
continue the stirring as long as possible in order to reduce to a mini- 
mum the danger from convection currents, which move very slowly 
in an extremely viscous melt; on the other hand, if the stirring is 
continued to too low a temperature, the glass becomes so stiff that 
the mass adhering to the stirring tube grows in size and sweeps far 
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out into the marginal shell of th<‘ iiu'tal, thus introduein^jj strias 
which the, steady stirrinji; seeks to avoi<l. 

The temperatures at which dilferent. (ypt's of ^dass sliould bo 
removed from the furnace ran^e from 1 , 1 o() ( . in certain barium crown 
glasses to 900° (\ in dense Hint glasses. Having onc(‘ ascertained the 
best temperature for removal of a. givini ty})c of glass in a givensize 
of pot, the glassmaker endeavers to remove' other pots of the same 
type at the same temperature. 'Po accomplish this, h<' plots on a 
chart the temperature readings, an<l by e'xtrapolation tif the time- 
temperature curve determines the exa<*( time* foi’ r('movnl of th(^ pot. 
This (|uestion af ])ot removal has been closely studied by Hr. (’. N. 
Fenner ;"■* the procedure which he adopted for two of his glass types 
is illustrated in ligure .‘15. A rcconl (d th(' sevt'ral operatiot\s in 
his treatment of the. two glasses is uls<i re})rtHlu<‘('d from his article. 



TIME A.M l> M 

Fig, nr). — Tinic-lompi’nitiin' ('Urv(':i illiisinil liia llu' iinicciluii' fi)lli)wiMl hv i’ N . I '('iim-i in fin nine iipi'iutinn 
(liirlnp; thci .stirring oponil loii.s of (.wo diirorcnt ( ypr; of plii‘'**,iniiiii'h , iiuilliiiii (lint 1 1 'm \ o 1 1 it ml ordliiiiry 
crown (Curve II). 

KX.\MI’Id'’.H <)('’ IMUK’KIIIMO''. ISI MTUOON'ii (M'I'I'.U C. N (■‘(■NNCKI 

.MSDuiM lai.NT (/i|, l,(ii).'). »- av.iii, 

Pot 25inc;lK'H iiiHule (iiiuncfcnil. lioKoia, l!7 iadicH .s,(i:!u, in , (durtinl ji(irci)ig 

machine at 13 niVoliitionH per initiiilc. Itjuliti.n nf Hliirina rin'Ii- (!|| un licf); vcrlical 
motion 4yia('hoB. (Noth. A Hlirriag ( ircli' of isnlitiH wnald liuvc liccii peef- 

crable.) 

8.07 a. m. ('haiiRtw Bpoed to 18 n'volationn |mt lainiilo. 

11.00 a. m. (Temperature 1 ,30()‘''().) .SlnitolT aiid uir iind lowi-icl f.fa.-k damper. 

11.30 a. m. (Temperature 1, 2f)()°(;.) TookolT vorfical mol ion (A lip.liSi. 

12.30 p. m. (Temperature 1,121)“ (.1.) lU-diiood nidittH of nfiiriuK rindf' (o id imdiefl. 

(Noth. - ^fii^lit have hee.n kept a little larger t H litf. 3.di. 

1.05 p.m. (lemperature 1 ,080“ t).) iSpecd nniuced to 13 n'volulioii.'i per minute. 



21 The tochnique of optica) Klass melting, Jottr. Am. (Vrain. 2 , i;w cm. c.iai, 
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1.27 p. m. IladiiKS of Htirriii'*' circle r<Kluc<!{l to 4 iiichi'H (I) fig. lift). 

1.45 p.m. (''romp(iratiir<! I ItudiuH of Hlirriiig circle* r(>(hic<>(l f,o inclu'H 

(E fig. 25). 

2.01p.m. (Tempcriil.une IliidiuH of Htirring circle* r(‘duc(*d wlightly 

(Elig. 25). 

2.12 p.m. ('rempen-uture 1,002*^’ C.) RadiuH of alirring cin'le reeduced tee U ine'hoB 

((} fig. 25). 

2.25 {). m. (I'eempeerut.uree 075"().) Stirring Hteepiecel. 

2.40 p.m. Peel. euit. (NeiTK. A l,e*mp<init.un* e)f !)50‘’' ( ' weiuld luivee l)e'e*n jereefeenihlej 
fetr thin type* eef gliian. 

laeillT ciietWN (//i,-~1.5l(i r^-diO). 

Pe)f, 25 ine'he'H in.^iele* eliiinie*l,e>r ill l)e)|.(oni, 27 ine‘lie*H d(‘e*p. 

8.0;{ a. m. Stirring mae'liinee Hlartoel at 12 reeveilulieniH j):*r minutee. Nee veTtie-a 
lueilieui. UiieiiuH eif alirring e-ire'le* Oi inche*H. 

8.25 a. m. ( 'hange'el Hpe*e>el to 18 re'veiltitieuw })e*r minute*. 

8.55 a. m. t’liange'el Hpe'e'el (o 12 re'vmlutieuiH pe*r minute*. 

0.50a. m. Ite-elue'e'el raeliuH eif Htirring e*ire'le* tei alteeut 5 inche'H. {NerrK. A preeeef 
taUe*u jiiHl, he'feirt* tliia liael aliown riume*re)ua hul»l»li*.s; Mpe*e*el eif (ran*! wa.s 
re*elue‘e‘el to av'oiel <lange*r of Htirring air into llie* me*tal.) 

2.25 j). m. Sliut, eil'f ga.'s, air, eOe*. 

2.02 p. m. 'I'e*mpe*raturee 1,250‘’ (!. 

2.25 p. m. UadiuH eif Htirring e’ircle* re'eliu'e'il to I im*he*.4 (A tig, 25), 

2.25 p. III. 're*mpe*ratur(* i,li)7"<’. 

2.45 p. m. 'IN'inpe-rature* 1,182" t'. 

2,52 p.m. (O'e'iupe'ral lire* I,l(i8"<'.) KiuHiih eif Htirring e*ire'Ii* 2^ ine*hi*H (H' tig. 25), 
4,02p.m. 'I'e*mpe*ra(.urie, !,i5(i'‘(’. 

4.12 ji. m. ('re'mpe*ralure 1,128" ('.) Stirring Hfo|i)i('el lig. 25i. 

4. 18 [ 1 . m. Peit'eiul , 

(iiuls l.lutl, for (iIk'. Ixu'osilioalo crown (tinalysiH 10, -1) 

and for Mic barium Hint (anulysiH 101 , 'raiilo 1) t.lu' bc.sl. t t'mjH'rat.iin's 
at which (,o remove tin* peit from tlu* fnrnaet' art' 1 ,050'' ( ■ and 075" (1, 
respt'.etivtdy , In (.he ordinary Hint serie's l.lu* hip;h(*r the h'tid eon- 
ten(. of a j4;hisH, t.lu' lowe'r tiie tomjierature a(. whieli it is advistible to 
remoA*e ( he pol. of moK.en ^tjlass. 

As soon as tlu* opl.iiuum l(‘m{)eral.vir<‘ for (lu' removal of (hi‘ pot 
has b(*(‘n r(*aehed, jt d(‘finil(> (iroeedurt* is followial in orde'r (n o;<'t tlie 
[)ot onl. of th(‘ fnrnaet' us ([uickiy us possible*; e'tieh man is cjiven eh'fi- 
nite duticis l.o perform and thies these day af(.<‘r day. 'Phe' stirrt'r is 
stopped; the clay stirritip; tubee is brouf^ht slowly by means of tlie 
screw ft'e'd of the*, stirrinjjj mae’liine tei llie* side* of (he pot, whe*ri* it. is 
{rraspeel and he*lel in jitisiliim by a feirkeel teiol while (he wate'r-eeioh'.el 
stirring reiel is elisen[];a<i;<*(l. 'riu* stirrinjj; roel is re*me)ve*e!, (he* stirrirtg 
machine piishi'd e>ut eif (he way, (he* clay-stirring Inbe Imokeel against 
the*! sitle eif the*, peit. in an ujiright peisitiem by a hetivy U-shajie'tl irein 
reiel, eine^ e'liel eif whie‘h is insertt'tl in(ei the* (ulie* tipening while (he* eillu'r 
euel hangs eleiwn e)Vt*r the* eiute'r etlge* eif the* peit. An idte'rnative 
mctheiel is to wdt.heiraw the* stirring tube* e*n(irt'ly fremi the* me*lt by 
lifting it wdth tin* ft)rkf*el teieil ve*ry slowly until it. slips tive'r (be* rim of 
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the pot. The tuille ih now rawed about a ; ilu' pot, is commonly 
so tightly stuck to the Hi(‘g(‘ that it has to la* pried loose* from it by 
means of a heavy iron har acting us a leve'r on a low iron-block ful- 
crum placeehon the siege* in fre»nt e)f the peet; in this eeperatiem care is 
taken not te) jerk eer tip the* ped vie)l(‘nlly, hut ratheT to raise* it slewiy. 
The tuille is now raise‘el high, the {>e)t wageui is whe*e*le*ei inte) place, 
the pot is graspe'.el by the te)ngH e>r tine eif (he pe)t wagem, the ee)unter- 
weights are slid along the peit-wagon arm until the* peit is 5)rae'ticaUy 
counterhalane.eel. 'Phe' pe)t is lift.e'el ge'ntly nnel witheuit je-rks and 
jarring fre)in the sie*ge' nnel whe'e‘le'el eenl dig. .'{(>) e)n the* lleeeu’ eef the 
furnace hall where* it is plue*e‘el on a suppeu't e»f hre'-e'luy Ideie’ks. {Kig. 
37.) 



l''ro.3il. ■ItciHovul of [lot of moltmj kIiwi from ilmmi'ItlnK foriittfi’. Solo (ho " wlinkora" 
on tliotiottom of tlio jiol ; (tKoioorofroiuUio •40^0 idiMit) of On* (iiiiiopoIh whlotv Kio pot 
wiiHHtuok. ( I’liotoKrHjth by J. lf«ri»or Siiiipii »t tlio plunt irfilio Ilmrii ti A t-oiith Ojitl 
oiiU'o.) 

Thesicsge e)f the furnace* is ne)w serape'el nnel h‘ve*h'el pre‘paral<»rv teithe 
introduction of a fresh j)eu. which is rt*n\e)ve‘d from a pevt ivreh whe*re it 
has been graelually heating fe>r Heve*rul elays. ( Kig. 32 .) 'Phe* new 
pot is rcmoveiel freim the* pot. jire’h by the* [mt wageui ami phie’e'el in 
correct position in the*. me*lting furnace; (he* fnrnaee* tuille* is hiwe'rcel 
and sealed and the gas is turae‘el em prepurateiry tee baking the* new 
pot at a very high tempi'rature*. 

In the meantime the pot e>f medten glass has lu'e'ii e-ooling down in 
the open air. (Fig. 37.) Althemgh the medten glass has not e'luinged 
its appearance noticeably anel is apparently still re*d hot. a hard crust 
has formed on the surfaeie which may slmw an im*ipient siirinkage 
crack. It is moved cither into the empty hot pot arch from which 
the fresh pot was removed or it is ceivere'd with an insulating 
cap which retards the rate of ceieding, sei that, when eeadeel tei room 
temperature the glass is fissured properly and is not highly straine.el. 




This part of the glass-melting process, like the pouring of glass and 
rolling .the molten mass into long sheets in the plate-glass industry, 
is the most spectacular part of the manufacturing process. The 
red hot, fuming pot of molten glass radiating such intense heat that the 
novice is fearful to approach very near to it creates an impression 
which is not soon forgotten. 

SCHEDULE OF FUENACE OPERATIONS. 

In the factory production of optical glass a definite schedule of 
the operations and temperatures is followed for each type of glass; 


Fig. 37. — Pot of molten glass cooling down after removal from melting furnace 
and before insertion into cooling arch or being covered by insulating cap. 

Note the marks left by the molten glass which has spilled over the pot 
during the hand-stirring operations. (Photograph by JT. Harper Snapp at 
the plant of the Spencer Lens Co.) 

the schedules are different for different types of glass and a detailed 
record is kept of the treatment accorded each melting pot and each 
glass batch from the time it entered the furnace hall as raw batch 
to that of its delivery as raw glass to the inspection room. The 
schedule of furnace operations depends somewhat on the size of the 
glass plant and the attitude of the manager. Ordinarily it is con- 
venient under present-day labor conditions to arrange the schedule 
so that the pots are removed from the furnaces during the- afternoon of 
each day; this means either a 48-hour or a 24-hour schedule. If the 
plant is a large one and labor is always at hand, an intermediate 
schedule of 27, 30, or 36 hours may be followed to advantage. 
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In figure 38 five different schedules are presented in graphical form. 
In this figure the curves are not superimposed and referred to the 
same zero ordinate; but for the sake of clearness, the temperature 
scale for each curve is shifted 100° C. (one scale unit) above the curve 
next below it. Good glass can be, and has been, produced by each 
schedule; in fact, considerable leeway is permissible in the furnace 
schedule, providing certain fundamental principles are not violated. 

The curves of figure 38 are self-explanatory and are taken to illus- 
trate different types of practice at the different plants where different 



out tiinas nt dltroroia phiiits. In this a^uro tho plan has homi followed of Mopiirutlnueaeh curve from the 
next lower curve by one .scale Interval of l(K)”0. instead ofHliperlnipo,slnn the live (uirves. For this reason 
the tenij)eraturo IjllH)" C. Is rei)eated live tluuw on tho vertical scuile. 

labor and furnace conditions prcvailetl. The curves represent the 
schedule for a flint glass of refractive index about 1.(51 and contain- 
ing about 45 per cent lead oxide (PbO). 

The 2/f.-hour schedule of melting optical glass . — During the latter 
months of the war, from September, 1918, a shortened glass- 
molting schedule was introduced by Dr. G. W. Morey, of the Geo- 
physical Laboratory, at the plant of the Spencer Lens Co . This sched- 
ule is based on certain logical improvements in glass-melting practice, 
and is described here in a special section in order that the principles 
on which it is based may receive adequate emphasis. 



SCHEDULE OF FURNACE OPERATIONS. 

Melts in open pots are heated chiefly by radiation from the crown 
of the furnace; the raw batch is melted accordingly, from the top 
downward; the easily fusible materials, such as the alkalies and lead 
oxide, melt first and trickle downward, leaving the sand and less 
fusible materials to sinter together in the upper layers and thus im- 
peding their rapid solution. The result is an accumulation of 
extremely active chemicals, as alkali carbonates and nitrates, and of 
heavy fluxes, as lead oxide, on the bottom and lower sides of the 
pot which are thereby energetically attacked. The melting of the 
highly siliceous and viscous upper layers becomes under these condi- 
tions a slow and hampered process. In spite of the care taken in tfle 
batch room to mix the batch thoroughly, inhomogeneity is thus 
introduced, by differential melting, at the outset of the melting process. 
These differences in composition between top and bottom of the 
melt are, of course, eliminated later by stirring, but they can be 
avoided to a large extent by stirring the melt during the latter half 
of the pot-filling period when there is enough material in the pot to 
support the stirrer in an upright position during hand stirring. The 
melt should be stirred after each fill in order to insure uniform and 
rapid distribution of the fresh raw batch through the melt,, and thus 
to expedite solution and to prevent segregation of the fluxes by 
gravitative differentiation. This is the first change ih procedure 
adopted by Morey; it increases the rate of solution of the batch and 
lessens to a marked degree the inhomogeneity arising from differen- 
tial melting and gravitational settling of the readily fhsible materials. 
Incidentally some hours are saved by this procedure and the melting 
pot is attacked less than under the old schedule. 

The second improvement applies to the ‘ 'fining” of the glass and 
seeks to accelerate the escape of bubbles and seeds from the melt by 
continuous stirring during the fining period. This is best accom- 
plished by machine stirring with a combined circular or spiral and an 
up-and-down movement. The bubbles result from the decomposi- 
tion especially of the alkali-carbonates and nitrates. It is common 
practice to hold the melt at a high temperature duriug the fining 
period to increase its fluidity and thus to facilitate the rise of the es- 
caping bubbles to the surface. In the plate-glass industry blocking 
is used near the end of the fining period to aid in washing out the small 
bubbles in the melt. In optical glass manufacture the usual pro- 
cedure is to employ intermittent hand stirring with subsequent rest 
periods during which the melt attains a high and fairly uniform tem- 
perature throughout. The attainment of adequately high and uni- 
form temperatures is extremely difficult with continuous stirring. 

The 24-hour schedule requires for its successful application highly 
efficient furnaces and gas of good heating quality; the preliminary 
baking of the pot is best done in a pot arch specially constructed for 
the attainment of hisrh temneratures. 



With the shortened period of exposure of the pot to the furnace 
temperatures, there is less pot solution and hence greater transpar- 
ency and freedom from color of the glass and also less chance for the 
presence of pot stones. The new schedule represents an appreciable 
saving in time and operating costs and also a marked increase in the 
rate of production per melting furnace. 

The following schedule for the melting of a medium flint of % = 
1.617 and i/ = 36.5 is given by Morey as an illustration. In this 
schedule the time is recorded only from that of the first cullet fill. 
Slightly different schedules are followed for other types of glasses. 

Schedule Jor M F2 


Hours. 

0.00 Add cullet (1,390° (1.). 

1.00 Fill pot tlireo-quartera full of batch. 

2.30 Fill pot with bateh. 

4.00 Hand Htir, fill pot with batch. 

5.30 Hand Htir, fill jwt with batch. 

7.00 Hand Htir, fill [)ot with batch. 

7.30 Stirring machine on. 

15.00 Gas off. 


In the practical application of the schedule for this and other types 
of glass strict attention to details must be given. The schedules are 
closely timed and the furnaces must be kept in the best running 
condition. 

EXPERIMENTS WITH STIRRED AND UNSTIRRED l‘OT 8 OF OPTICAL GLASS. 

The following experiments are of interest because of their bearing 
on the general functions of stirring in optical glass. (Experiments 
described in Report No. 4 for the week ending May 26, 1917.) Four 
small open pots were filled each with a light flint batch of the following 
composition in kilograms: Sand, 3. ()()(); red load, 1.920; potassium 
carbonate, 0.783; potassium nitrate, 0.237. These pots were held 
for different periods of time at about 1,400° C. The first pot was not 
stirred and was removed after exposure to tliis temperature for 8 
hours; the second pot, also not stin’ed, was removed after 12 hours; 
the third pot was removed after 15^ hours, including a stirring period 
of llt^ hours; the fourth was removed after 19 hours, including a 2-hour 
stirring period. The glass produced by this treatment in small pots 
is of course valueless optically. It abounds in bubbles, is not highly 
transparent, and is only fairly white in color. Especially interesting 
are the two unstirred pots. The first pot taken out after 8 hours 
melting is full of small bubbles (seeds) and stones. Each stone and 
some of the bubbles are seen to have left, in their upward passage 
through the glass, a tail such that in the aggregate they resemble a 
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RESULTS ATTAINED BY STIRRING. 


)any of tadpoles marching in parallel columns toward the upper 
,ce. The stones are evidently silica (sand) in process of assim- 
>n. (Fig. 39.)*® 

iologically this phenomenon is interesting because it presents the 
omenon of gravity differentiation in place, thus giving rise to a 
ration into a top layer rich in silica and poor in lead (about 20 
ent lead) and a bottom layer rich in lead (about 46 per cent lead) . 
distribution of the layers, as determined by refractive index 
jurements, is shown in figures 40a to d. A comparison of pots 1 
2 (fig. 406) shows that the sharp gradations from the top surface 
e central portion and also from the bottom layer up to the center, 



Fig. 39.— Photograph of sand grains In process of solution in a small melt of optical glass. 


presented graphically in figure 40e, are less pronounced in pot 2. 
bher words, diffusion in the course of four hours additional heat- 
las tended to reduce the sharp differences in concentration in the 
. Convection probably aided to a certain extent; but the dis- 
ition of the material in the pot does not indicate pronounced con- 
ion currents. 

the stirred pots the distribution of uniform glass is remarkable, 
stirring was poorly done; the stirrer scraped the bottom and 
i repeatedly; and yet, except for a lower refracting surface film 
over 1 millimeter thick, there is little variation in composition 
. top to bottom or from side to side. The persistence of the lower 
,cting surface film proves that there is appreciable volatilization 
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MANXTFACTURR of optical glass. 

■'f lfa.1 ami alkali, ,s aiul that the upper layer ia richer in ailica Tt 

.Hatuhuti .n. Ihe surfaces „f equal refractive index are ann.! 
>nat<.|,v ,>laucs parallel with the. upper surface. This being thLa”e 
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REFRACTIVE INOEy 

1 lu ill, ! i|up;rtim lllii!itnulti({ tlm clmiiKivs In nifriurtlvo Imlox, n„ , la simill pot molts of a li(?ht flint batch- 
I'lit 1 wa-i hcatpil at l.-liXl" ('. for H liaiirs, tmt was not stirred; pot 2 was hoatod at 1,400° C. for 12 hours, 
ttl'io not stlrrist; |M)t ill was luiutwl at 1,-1(K)° (1. for lOJ hours. Including a stirring period of 1^ hours; pot 4 
was haat««l at 1,41X1° C. for 111 lioiir.i, Inoludliif' a 2-hour stirring porlotl. The curves I and II illustrate 
tho I'haiiKfti III refractive Index, no, from top to bottom of tho molts of pots 1 and 2. 

it nppt'arM tluit an (uiorf^etic- up-and-down Htirring during the first part 
tif tln‘ melting proc.cHs is e..4s(‘ntial in order to render the mass homo- 
geneouH, Tin' bottom of tho [)ot should be thoroughly swept by cur- 





COOLING OF THE MELT. 


An illustration (weekly report No. 6, June 9, 1917) of the degree 
of uniformity attained in a large pot (No. 472) of -light flint 
(nu = 1.579, v = 41.0j PbO = 36.5 percent) after two 15-minute periods 
of hand stirring during each two hours is given in figure 41. After 
these periods of stirring the pot began to leak and was removed from 
the furnace and allowed to cool in the open air. Samples were taken 
from the different parts of this pot of glass and were measured by the 
immersion method. It is remarkable that so short a period of stirring 
should result in so thorough mixing of the melt. Except for the top- 
film layer which is always lower in refractivity and the sides and 
bottom which were contaminated with dissolved pot, the refractive 
indices do not vary more than one or two in the third decimal place. 



Fig. 41.— Diagram illustrating changes in refractive index, no, at different parts of a pot of light flint glass 
after two hand-stirring periods of 15 minutes each Pot No. 472, Bausch & Lomb Optical Co. 

In view of the fact that fine striae are caused by only slight differences 
in. refractive index, these measurements indicate that the function of 
long-continued stirring is chiefly to remove the slight differences in 
composition which are still present and are constantly arising because 
of volatilization and of pot solution, which diffusion smooths out 
only slowly. 

THE COOLING OF THE MELT. 

If the operations up to this point have been successful, the pot of 
molten glass, on removal from the furnace, is sensibly homogeneous 
except for the peripheral portions where, as a result of selective 
volatilization at the surface and of pot solution along the sides and 
bottom, the melt contains more silica (and possibly alumina from the 


heated base of the pot which has had little chance to cool except by 
radiation through the melt. Measurements of the temperature of 
the furnace floor (siege) immediately after removal of the pot show 
that its temperature, and hence that of the base of the pot, is from 50° 
to 100° C. higher than that of the metal in the pot. There is, of 
course, a slight temperature differertce between the center and margins 
of the melt as a result of its continued cooling. The molten glass 
has now the consistency of thick heavy syrup; and with further fall 
in temperature its viscosity increases rapidly. 

The problem which confronts the glassmaker at this stage is to 
avoid any tendency which may cause the marginal portions to stream 
into the body of the melt; also to avoid crystallization phenomena 
and the formation of bubbles. A lesson learned from experience 
and not adequately nuilized ])y many glassmakers is the fact that 
during the time interval between the. cessation of stirring and the 
cooling of the molt to (100° 0. (temperature fall from 1,000° to 600° 
C. approximately) muc'h glass Ls needlessly lost. Wen^ it possible to 
maintain, through the. temperature droj) to ()00° 0., the degree of 
homogeneity attained in th(^ melt at the emd of the stirring period 
much more glass would be saved than is at ]U’csent the case. An 
analysis of the several factors involved will rc'iider this clear and sug- 
gest the precautions to be taken. 

Convection currents. On removal of tb(^ ])ot from the furnace the 
molt has the eousistenc.y of thick, heavy syrup. With further fall 
in temperature its visc'.osity inc,reaseH so rapidly that any appreciable 
difference in temperature Ixdwee.n di(F(‘.re.nt parts of the melt produces 
a distinct difference in density, (hnvectiou (uirrents are set up as a 
result of the downward flow of c.ooler and denser portions of the melt, 
and are serious because they geiu'irate luMivy striic, cords, and ribbons 
in the molt, thereby reiuhu-ing much of it useless. The fact, moreover, 
of excess heat at the base of the pot favors an upward trend of the 
bottom layers of the melt, and their stream lines may pass into the 
central core of the melt and thus c.auHo. stria’i. 

In a viscous melt the rat(^ of transfer of material by convection 
is relatively slow and decreases with fall in temperature and conse- 
quent rise in viscosity. The obvious method to reduce convection 
currents is to cool rapidly and uniformly from 1,000° to 600° C. 
from the margins of the melt toward the center. The bottom of the 
pot is, however, much hotter and thicker than the sides; it acts 
somewhat as a heat reservoir and cools leas slowly than the sides 
or the surface of the melt. An effort should bo made to expedite 
the cooling of the hose by allowing a free or fore-cd circulation of air 
to play around it. The surface of the molt, on the other hand, chills 
more rapidly in direct contact with the air than either the sides or the 
bottom; a tendency is thereby set up for its cooled, and hence denser, 
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material to sink toward the bottom and thus to mtroduce strisB. 
Its rate of cooling should accordingly be retarded by some method 
of heat insulation, such as covering it with a layer -several inches 
(commonly 4) thick of light insulating material, as diatomaceous 
earth.^^ 

Fine siliceous powder of this nature shows no tendency to sink 
into the melt and insulates most effectively. Much good glass has 
been produced, it is true, without the use of an insulating ^rface 
layer; but in this case the pot with melt is allowed to remain in the 
open air for a short period odiy, 15 to 30 minutes, and is then inserted 
into a previously heated pot arch from which the empty pot was taken 
to replace the finished pot removed from the melting furnace. The 
temperature of the heated air in the pot arch is high; hence the tend- 
ency for the surface to cool with extreme rapidity is practically 
annulled. 

Vacuum hubbies . — ^There is still another reason for retarding the 
rate of cooling of the surface of the melt. Glass, on cooling, shrinks, 
and at low temperatures its viscosity becomes so great that it behaves 
practically as an elastic solid. If the surface of the melt cools 
rapidly in the open air, a hard crust forms in the course of half an 
hour while the center remains nearly as hot as it was when it left the 
furnace. The surface contracts on cooling, and cracks may begin 
to form. On further cooling the center tends to draw away from the 
unyielding crust. If the tensional stresses are not then relieved by 
cracks and fissures, both horizontal and vertical, large bubbles, 
called vacuum bubbles, may form and ruin an appreciable quantity 
of glass. This phenomenon is not so common in large pot melts 
because in them cracks generally do develop and resemble then in all 
details the jointing phenomena of lava flows. In small experimental 
pot melts cracks are not so likely to form and in them vacuum 
bubbles are of common occurrence. The bubbles can be avoided either 
by insulatmg the surface of the melt with a layer of diatomaceous 
earth or by breaking through the surface crust with a pointed iron 
rod, thus puncturing the seal established by the crust. 

Crystallization phenomena .^^ — ^The phenomena of crystallization 
in optical glasses are so important and so unwelcome to the glassmakf r 
that a practical understanding of the principles involved is essential 
if crystallization or other precipitation is to be avoided. At high 
temperatures optical glass is a mobile liquid; with rise in temperature 
its fluidity increases and it behaves in all respects like an ordinary 
liquid or like molten metal; with fall in temperature its viscosity 

r This method wasfirstapplied bythe Geophysical Laboratory and is described in detail by H. S. Roberts 
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increases so rapidly (doubling for each drop of 8° to 10° C. in tem- 
perature) that at room temperatures its viscosity is nearly infinite 
and it behaves practically as an elastic solid. 

Glass has no definite melting temperature, but rather a temperature 
range over which it softens rapidly and becomes a fluid in the ordinary 
sense of the word. At all temperatures glass is a solution; at high 
temperatures a mobile or fluent solution, at low temperatures an 
immobile solution. As a solution glass is subject to the general laws 
of solutions. A solution such as sugar and water is able at a given 
temperature to dissolve a certain quantity of sugar; if now the tem- 
perature be raised, the solution is found capable of dissolving still 
more sugar. The saturation limit rises, in this case, with rise in 
temperature ; a solution of a given composition, saturated with respect 
to a given substance at a high temperature, may be greatly super- 
saturated with it at a lower temperature. The solution is then not 
in equilibrium and seeks to attain equilibrium by the precipitation 
of a certain amount of the phase which is present in excess. 

Experience with silicate melts of the general type of glass melhs 
has shown that the silicate components are miscible in all proportions 
and that, on cooling from a high temperature, the solution becomes 
supersaturated, in general, first with respect to one phase, then to 
two, and so on. As soon as the saturation limit of any one phase is 
reached a tendency is set up for this phase to crystallize out. There 
are, however, certain factors which tend to counteract this tendency. 
Crystallization in each case means the orderly arrangement of atoms 
or molecules in space; the rate of building up of each crystal struc- 
ture depends on a number of factors,- such as degree of supersatura- 
tion of the phase in the solution, the viscosity of the solution (function 
of composition and temperature), rate of transfer of material in the 
solution, crystallizing ability ofThe crystal phase, etc. The molecules 
in the solution must wander (diffuse) to the crystal nucleus or grow- 
ing crystal and this takes time; if the viscosity of the solution at this 
temperature is high, the rate of transfer of the molecules is slow; 
furthermore the tendency toward crystallization is nil above the 
temperature at which the saturation limit is reached; not far below 
it, the crystallizing tendency increases rapidly, reaches a maximum, 
and then, because of the greatly increased viscosity, grows less and 
finally practically disappears when the glass becomes hyperviscous. 
The power of crystallization of different substances varies greatly. 
The usual measure for the power of crystallization at a given tern-, 
perature is the number of crystal nuclei formed in unit time in unit 
volume. A substance of high crystallizing power can not be cooled 
much below its saturation limit before crystallization sets in; one of 
low crystallizing power is readily undercooled and may only with diffi- 
culty be made to crystallize even under the most favorable conditions. 



logeneous, colorless glasses of definite optical constants. In 
ing to attain these ends batch-compositions may be tried out 
zh. are greatly supersaturated with respect to one of the phases, 
this, on the cooling ol the melt, crystallizes out and ruins the 
luct. 

1 setting up trial batches for glasses of a given composition, it is 
isable in each case to make small trial melts and to hold these at 
jrent temperatures between 800° and 1,100° C. in order to ascer- 
their crystallizing tendencies. In the case of the crystallization 



2.— Fracture section across a pot of light flint glass. Pot No. 594, B. & L. White rim around edge 
of glass consists of sillimanite. Pot shows little evidence of attack by glass melt. 

>ne or more phases these can be determined by petrographic 
[•oscope methods. 

rdinarily the primary phase to appear is silica (in the form of 
^mite or cristobalite), or calcium metasilicate (as wollastonite) . 
;lasses very high in lead, lead metasilicate may be precipitated; in 
ses high in barium, barium disilicate has been observed to crys- 
ze in the form of skeleton crystals hexagonal in shape. Near 
margins of the glass melt, adjacent to the clay pot walls, a thin 
s layer is not uncommon (fig. 42) ; it consists generally of an 
rlacing aggregate of crystallized aluminium metasilicate (needles 
llimanite) . 


either the amount of the excess phase must be reduced in the batch 
or the viscosity of the melt should be changed by the addition of a 
small amount of alumina (rarely magnesia) or by the substitution 
of potassium for sodium, or a smaller melting pot may be taken in 
order to expedite the rate of cooling of the melt. The fact that a 
melt can be successfully made in a 36-mch pot, holding half a ton 
of glass, does not signify that the same batch composition will be 
satisfactory in a 49-inch pot, holding a ton of glass. 

The time factor has a most important bearing on the crystalliza- 
tion of glass melts. Molten silicates have relatively large heat 
capacities and are poor conductors of heat; large masses can not 
therefore be cooled at a rapid rate even under the most favorable 
conditions. This means that the larger the pot, the more care must 
be taken to avoid crystallization. The experimentrl melts made for 
the purpose of testing out a batch composition should be held at 
given temperatures for lengths of time corresponding to those actu- 
ally obtaining in the glass pots used. 

The types of crystallization which develop in the melt depend not 
only on the kind of substance which is precipitated, but also on the 
temperature and the composition of the melt. Thus single isolated 
crystals of barium-disilicate were formed toward the end of the 
stirring period (1,100° C.) as crystal skeletons in a melt of light 
barium crown. These were avoided in later melts by reducing the 
percentage amount of barium oxide in the batch to the extent that 
the temperature at which the melt became supersaturated with re- 
spect to barium disdicate was lowered below that of the final stirring 
period. The amount of reduction was computed, after the melting 
temperature of pure barium disilicate had been found by measure- 
ment to be 1,426° C., by assuming, as a first approximation, that the 
lowering of the saturation temperature was directly proportional to 
the amount of barium disUicate present. As the required change of 
composition was only slight and sufficient to lower the saturation 
limit from 1,100° to about 1,030° C. this assumption was justified. 
Thus the saturation limit was reduced from 1,426° (pure barium 
disilicate) to 1,100° C. by a reduction of barium disilicate from 100 per 
cent to 57 per cent. On the assumption of a linear relation between 
composition and temperature at the saturation limit, this signifies a 
lowering of about 7° C. in the temperature of saturation per reduction, 
of 1 per cent barium disilicate. But since all saturation-temperature 
curves which have been determined in silicate fnelts are concave 
toward the origin in a temperature-concentration diagram, the 
gradient of the curve is likely to be somewhat steeper than a straight 


■ N. L. Bowea. Jour. Wash. Acad. Sci., 8, 265-288, 1918. 
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line so far away from the pure compound with the result that a 
reduction of 1 per cent in barium disilicate would probably lower this 
saturation limit more than 7° and possibly as much as 15° C. Actual 
test showed that a reduction of 5 per cent in the amount of barium 
disilicate present in the batch eliminated the presence of its crystals 
from the melt under the given conditions of melting. Similar 
methods for the adjustment of batch composition are followed with 
melts of different compositions in which crystallization may appear. 

In ordinary types of optical glass silica is present in excess with the 
result that it is first to crystallize out from the melt usually in the 
form of radial spherulites of cristobalite or tridymite. Crystalliza- 
tion in pots of optical glass begins ordinarily at the top surface and 
sides and proceeds inwards. The surface of the melt, because of 
volatilization, becomes richer in silica which is then the primary 
phase to crystallize out. The surface of a cooled pot of glass, such as 
borosilicate crown or barium crown, is commonly covered with fine, 
exceedingly thin crystallites, visible only under a hand-lens and 
resembling hexagonal snowflakes. The surface, if examined closely, 
is seen to be covered with a hexagonal network of lines which are 
obviously the directions of tenuous crystal growth in the thin sur- 
face film. 

If the cooling of the glass pot is not conducted with sufficient 
rapidity the crystallites in the surface film extend inward into the 
glass mass; white radial spherulites are formed. In the case of 
borosilicate crown, a crust of radial spherulites of crystallized silica 
L to 2 millimeters thick, occurs almost invariably around the margins 
of the surface of the melt. Crystallization of this kind is not serious 
from the glassmaker’s standpoint because of the relatively small 
amount of glass wasted. In the case of the molding of glass, surface 
crystallization may be serious because the crystallized crust is much 
harder than the glass itself and offers serious resistance to the grind- 
ing wheels during the plate-grinding operations, so serious in fact that 
every effort should be made to regulate the temperature in the 
molding kilns so that crystalline crusts are not formed on plates of 
borosilicate or barium crowns. In the flint glasses the danger from 
surface crystallization is much less. 

Other substances which may crystallize out of certain melts are 
calcium metasilicate (in the form of wollastonite) , lead metasilicate, 
and aluminum metasilicate as sillimanite. The first two occur com- 
monly as radial spherulites, like rounded pellets up to 1 centimeter 
in diameter throughout the melt. Because of the differences in their 
rates of contraction as concipared with that of the enveloping glass, 
a large amount of strain is set up in the glass; conical cracks may 
develop and extend for a short distance from the radial spherulite into 
the glass. The presence of a crystallization body in a lens or prism 
is sufficient cause for its rejection. 



MANUFACTURE OF OPTICAL GLASS. 


Cloudiness or o'p(dcsce.nce . — Still another phenomenon, allied to 
precipitation, may arise during; the cooling process and ruin the entire 
pot of glass. In certain types of glass, especially in the flint series 
there, is a tend<‘.ii('.y for the melt to turn milky or cloudy during the 
cooling-down period. Turbidity of this kind in optical glass is a very 
serious dedect and renders it useless for optical purposes. The cloud- 
iness ordinarily (levelofis at. th(‘. sides and top of a crucible of glass and 
proceeds inward from the margins. The fac.tors involved in this 
problem are not ent.indy clear, hut tlie following facts are significant; 
Proofs, tak(m at. high temperat.ures, of a melt which later becomes 
turbid, ar('. perfectly ch'ar and show no trace of milkincss; these proofs 
may develop cloudim^ss, however, on reheating to temperatures some- 
what above the sofh'uing point of the gla.ss (,S(K)“ to 1,000° C.). If 
held for long pcuhxls of time (several (lays) at this temperature, 
crystallites of a low refracting substaiK'e, po.ssibly sili(;a in the form 
of tridymite or cristobalite, devcslop. Tlu^ piTstmce of these crystal- 
lite's docs not (lcfinit(‘ly [)rov(‘ that the substaiu'.e which causes the 
milkincss is cxc(\ss silica. In the milky glass the piTcipitated material 
is held in sus[)('nsion and t.he partich's, what c'ver their nature may be, 
whether silic.a, h'ad sulphates hmd chloihh', boron silicate, or arsenic 
oxid(v may si'rve as nuch'i around wliic'h t.he radial spherulites of 
crystalli/.('d silica ('lu.st('r when the gla.ss is maintained at 900° to 
],()()()°(). for a long [)eriod of tinu'. A t.hin plat('()f opalescent light flint 
examim'd umler thes ultra micr(Ksco{)e showed the presence of innu- 
merable part.ich's Mus[)(‘nd('d in the glass, d'he plumomenon is there- 
fon^ one of pr(H'ii)itation eit.lier of colloidal particles or of submicro- 
sc.o})ic. cryst allib's. A clu'inical analysis of a fragnumt of milky glass 
showed the pr<‘S(mc.(' of 0. 110 [)(‘r cent SO.,; this is eciiiivalent to 0.553 
per cent lead sulphate,''"' 

h''act.ory ('xpcu’ience prov<‘.s that tlu'. prcs(uic(i of sulphates and 
chlorides in t.he raw mat, (‘rials, csp(‘c.ially 'in t he potas.sium carbonate, 
favors tlu' forma tion of opal(\sc(‘nc<‘.. In Idngland'’’* the same trouble 
with cloudiru'ss in flint gla.ss for tableware purpose's was experienced 
during the war and was ascrilaal to tiu' prcs('n<'(U)f sulphates and chlor- 
ides in the poorer grad(^ of availabh'. potassium carbonate. Experience 
has prov('d that, a slight, change in tlu' composition of the batch may 
greatly decnais('. the probability of t.lu*. occurrenc.e of milkincss; thus 
light flint containing 2 peu’ cent bonm oxide is cspecually liable to turn 
milky; it is [)o.s.sibl(^ that, t.lu' [)r(‘s<‘nc(‘ of this oxide favors the develop- 
ment of cloudiiH'.ss in this flint.. It has b(‘('n found that fining at a 
high t('mp(’rat urc' (incn'ased volatilization of cx'.rtain components). 
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ture range, in whic^h precipitation is liable to occur, are advisable. 
The addition of 1 or 2 per cent of alumina to the glass aids as a pre- 
ventative; this oxide tends to increase the viscosity of many glass 
melts and its presence then necessarily raises their fining temperatures. 
Long-continued heating (24 hours), at 950° C. in a platinum resist- 
ance furnace, of a light flint glass containing 2 per cent alumina which 
was fined at the usual fining temperature of the light flints, proved that 
glass of this composition did not become milky; whereas the same 
light flint without the addition of alumina did become milky under 
the same treatment, thus proving that alumina tends to hinder to some 
extent the milky precipitation. Observations have proved that by 
reheating milky flint to a temperature of 1,100° C. it can be rendered 
clear, but that under these conditions bubbles develop and render the 
glass useless. 

In this problem of milky glass we are confronted with the pre- 
cipitation of some substance possibly colloidal in nature; it is 
probable that the opalescent effect in the light flints may be produced 
by different substances. The presence of sulphates and chlorides in 
the batch favors its formation; thus, light flint glass made from 
potassium carbonate containing 0.1 per cent SO3 was clear and of 
good quality; glass similar in composition, but made from potassium 
carbonate containing 0.75 per cent SO3, turned milky on cooling; 
while glass made from potassium carbonate containing 0.4 per cent 
SO3 became milky only at the margins of the crucible. In medium 
flints the presence of a relatively large amount of arsenic oxide may 
also cause cloudiness and should be avoided. That the rate of cooling 
is an important factor is proved by the fact that large pots containing 
a ton of optical glass are more liable to become milky on cooling 
than small pots half this size. 

Whatever the precipitate is, the solubility relations are such that 
at a high temperature the solution is not supersaturated, but on 
cooling it becomes saturated with respect to some substance and, 
with still further lowering of the temperature, precipitation begins if 
sufficient time be allowed for it during the cooling process; the tem- 
perature range within which precipitation is liable to occur is 500° to 
1,000° C. It is possible that the substance in the light flints is silica 
or lead sulphate, or lead chloride which is only slightly soluble in 
silicates. On fining the glass at high temperatures the volatiliza- 
tion of the sulphates and chlorides increases; such heating may also 
inhibit the formation of the colloidal particles which on cooling pro- 
duce opalescence; the presence of small amounts of boron oxide seems 
to favor the formation of such clusters; the presence of alumina tends 
to hinder their formation. 


« Experiment by C. N. Fenner. 
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In other branches of glass manufacture milky glass is produced 
purposely by the addition of certain substances, such as phosphates 
and fluorides, which are relatively insoluble in the glass melt. Mien 
chilled quickly, these glasses may remain clear, but on reheating and 
cooling down slowly through a temperature range from 800° to 400° C. 
they become cloudy. The precipitation in opalescent glares indi- 
cates the grouping of certain constituents of the melt into particles 
of at least colloidal size such that they have an appreciable diffracting 
effect on light waves in the visible spectrum. 

Closely allied to the development of milky glass in the light flints 
is the behavior of red and yellow glasses at the annealing tempera- 
tures. If a glass, colored with cadmium sulphide, selenium, copper 
ruby, or gold ruby, b^ chilled rapidly from a high temperature the 
intensity of its coloration is relatively slight; but if the glass be 
cooled slowly from high temperatures or be reheated after chilling, 
it becomes deeply colored, the more intense colors being deep red. 
This behavior indicates a shift of a strong absorption band from the 
ultra-violet into the violet or blue. There is evidently a shift in 
molecular grouping or aggregation within the solution such that the 
grouping stable during the annealing range absorbs the blue end of 
the spectrum; this regrouping takes place while the glass is still 
relatively rigid. 

Blue and green glasses do not show this pronounced change in 
color absorption in the visible spectrum on change in heat treatment. 
In all such cases involving change in color, or the development of 
opalescence and milkiness, there is probably a selective grouping and 
aggregation of certain of the atoms or molecules into particles which, 
though still submicroscopic in size, have an effect on transmitted 
light waves; the rate and character of this selective grouping is 
dependent, moreover, on the temperature conditions; the grouping 
can be practically suppressed by cooling down through the critical 
temperature range so rapidly that sufficient time is not available 
for the completion of the process. 

The fact that the intensity of coloration in the yellow and red 
glasses is markedly dependent on the heat treatment may have an 
important bearing on the transmission in optical glasses. Ferric 
iron colors glasses yellow and absorbs a large part of the ultra-violet; 
with increase in ferrous iron content the color of the glass shifts to 
the green and even to the blue in the barium glasses; glasses colored 
i^ith ferrous iron oxide are good infra-red absorbers. There are 
indications that the intensity of coloration of glasses containing iron 
in the ferric state varies with the heat treatment and that the reheat- 
ing of such glasses for annealing or pressing tends to lower the 
transmission. 
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Little is definitely known regarding the phenomena involved in 
the formation of milky and opal glasses and of red and yellow colored 
glasses. In the milky glasses swarms of particles of some substance 
or substances, probably excess silica either in the colloidal state or as 
embryonic crystals of tridjrmite or of cristobalite, are precipitated 
and are hield in suspension in the molten glass. It has been found 
that the presence of minute quantities of alkali sulphates or alkali 
chlorides or both tend to favor this precipitation, acting in this respect 
after the manner of " catalyzers. Be the precipitate and the causes 
therefor what they may, the factory practice to be followed to avoid 
the occurrence of milkmess is to use materials of high chemicfd 
purity, esfpecially potassium carbonate containing less than 0.3 per 
cent SO, and 2 per cent Cl, to fine at high temperatures somewhat 
above 1,400° C., to stir the melt thoroughly for as long a period 
as possible, and to cool rapidly through, the temperature range of 
precipitation. 

The identification df crystallites in optical glass , — The identification 
of crystallization bodies in optical glass is best accomplished by use 
of the petrographic microscope. Methods have been devised for 
the measurement of the optical constants of crystals in fine grained 
aggregates and have been employed for many years in routine work 
of this nature at the Geophysical Laboratory.** For the determina- 
tion of any given “stone” in a glass it is broken out of the glass and 
crushed, by tapping with a pestle ip an agate mortar, to a fine powder. 
A few particles of the powder are immersed in a small drop of liquid 
of known refractive index on a microscope object glass. A small glass 
cover shp is placed on the drop and the preparation is examined 
under the microscope. By the use of refractive liquids of dififerent 
known refringences it is possible to ascertain with the petrographic 
microscope, the principal refractive indices of the substance or 
substances, in case more than one be present; also the |)rincipal 
birefringences of each substance, the general shape of its optical 
eUipsoid, its optical character, its optical axial angle, its pleochroism, 
etc. These properties enable the observer inmost instances to, iden- 
tify the crystals. In view of the relatively sipall number of crystalli- 
zation bodies, “stones,” which may possibly occur in optical glass 
the measurement of the refractive indices alone generally suffices to 
identify the crystal. The optical properties of the several more 
common crystals in glass are the following: *^ 

Silica (SiOj) may appear in any one of three different forms, all 
of which are found in natural minerals, namely, quartz, tridymite, 
and cristobalite. 

B F. E. Wright, The methods of petrographic microeoope research. Publication 158, Carnegie Institu- 

tinn nf Woshinartnti. 101 1 . 




IVLAIM Hi' AUi UttJK Ul* UJr'XlUAJj ULjASS, 


Quartz appears rarely and only as undissolved sand grains from 
the original bateh. They occur as irregular rounded grains, are 
optic.ally uniaxial and positive, birefringence medium with refractive 
indices, e 1 .554, w =- 1.545. 

Tridymite is similar in every respect to the natural mineral and 
appeara in thin hexagonal-sha,ped plates of weak birefringence. 
Examined on edge these plates show parallel extinction and weak 
negative elongation. The refractive indices are: a = 1.469, 7 = 1 . 473 . 
Interference ligures are dillicult to obtain because of the weak bire- 
fringence. 

(h’istobalite is the form stable between 1,420° C, and its melting 
temperature 1,710° C. It occurs commonly in the form of skeletal 
crystals resembling the octahedral growths observed in copper, gold, 
and c.<»mmon salt. Its crystal aggregates are terminated in many in- 
stances with spear-shaped, octahedral endings and are not lath- 
shapc'd us in the case with tridymite. Its refractive indices are 
« -1.4S4, 7 -"•1.487, The birefringence is exceedingly weak. The 
higher rtd'ractive indices and dillerent crystallographic development 
suHice to distinguish cristobalite from tridy^te. 

(lalciiim metasilicatc (ClaSiOs) oc(*.urs ^ommonly in the form of 
radial spherulites of the mineral wollastonite. Its needles extinguisn 
parallel to the directioTi of elongation and show either positive or 
negative elongation. The plane of tlm optic axes is normal to the 
elongation; optic axial angle small, optical character negative, 
liefractive indices are: a 1.620, 7 — 1.633; birefringence, medium. 

Sillimanit(* (Ah^SiOs) occ-urs in radial spherulites and interlacing, 
lath-shaped aggregates. The individual crystals show parallel ex- 
linc.tion and positive elongation. The refractive indices are rela- 
tively high, <v,t 1.660, 7 — 1.681; the hirefringonce is moderately 
strong. 'Phe crystals frecpiently exhibit a lower refracting core 
wt»ich may be the result of skeletal development of the laths. 

Barium disilieate (Ba wSi^OR). Orystals of this compound were first 
identified by Bowen as orthorhombic. They occur as thin six- 
sided plates; extinguish parallel with negative elongation. Refrac- 
tive indices a 1.598, 7 -1.617; birefringence moderately stn.ng. 

TIIK ANNKAIJNU PEIIIOD. 

On cooling to a dull red heat, the ])ot of molten glass becomes 
increasingly stiffer and with falling temperature acquires more and 
more the properties of a rigid solid. The rate of cooling is, however, 
not e(|ual over different parts of the pot and the rates of contraction 
ar(^ corrc'spondingly different; as a result internal stresses and strains 

W c. N. r(!ii|icr, The sliiblllty relations of the silica mfneruls. Jour. Wash. Acucl. Sd., 2, 471, 1912; Ain. J. 
Bd. (1), 86,;i;ii ;iHt, I'iia. 

M Jour. Wusli. Acml. Hd., H, mV 2(i.S, 1918. 



THE ANNEALING PERIOD. 


are set up. At higher temperatures from 700° C. down to 400° C. or 
lower the internal stresses are relieved by actual flow of the glass 
if it is allowed sufficient time to flow. The rate of release of the 
internal stresses is a function of the magnitude of the stresses and 
these in turn are caused by differences in the rates of cooling of 
different parts of the pot of glass. At higher temperatures the 
stresses are relieved by internal flow as rapidly as they are developed; 
at these temperatures the glass behaves as a viscous liquid and is 
unable to maintain shearing stresses for any length of time. Shear- 
ing stresses are relieved by actual flow of the melt. With falling 
temperatures the rate of release of internal stresses becomes slower 
and practically ceases at low temperatures; it fails, in short, to keep 
step with the temperature drop and hence the stresses persist and, 
unless relieved by stresses in the opposite direction, may continue 
indefinitely at room temperatures. 

The factors which enter into the problem of the cooling and frac- 
turing of a pot of optical glass are complex and at the present time 
are not adequately known to permit of its complete solution. The 
available information suffices, however, for the establishment of a 
fairly satisfactory manufacturing routine. The more important 
factors are: 

(а) Change of viscosity of the different glasses with temperature. 

(б) Rates of relief or relaxation times of internal stresses of differ- 
ent magnitudes at different temperatures. 

(c) Changes in expansion coefficient with temperature. 

(d) Temperature distribution within a cooling solid of the shape, 
dimensions, and thermal characteristics of an optical glass mass 
cooling in a clay pot. 

These factors will now be considered in the order given. 

(a) The most important recent investigation on the change of 
viscosity of glass with temperature is that of F. Twyman whose 
experimental results showed that the mobility of most glasses through 
the critical range from 400° C. to 600° C. doubles for each 8° rise in 
temperature. In the form of an equation this statement reads 


or 


M= 


1 ^ C?— Vo ^ ^ 

M=2 8 = 611 . 64=10 


( 1 ) 


0.0376. (e-0o) 


in which M is the mobility (the converse of the viscosity) , 6 the tem- 
perature, and K and constants dependent on the kinds of glass. 
Still more recent experiments by M. So,®® Tool and Valasek,®® Littleton 
and Roberts,^® and Adams and Williamson have corroborated the 

The annealing of glass, Jour. Soc. Glass Technology, I, 61-73, 1917. 

Phys. Math. Soc. Japan, 2, 113-116, 1920, Math. Phys. Soc. Tokyo, Proc. 9, 426-441, 1918. 

Bur. Standards Bull. No. 358, 1919. 

Jour. Opt. Soc. America, IV, 224-229, 1920. 

« Jour. Franklin Institute, 190, 597-632, 836-870, 1920. 
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results of Twyman and found that the mobility changes differmtly 
with different glasses and that it doubles for a rise in temperature of, 
7.9° G. to 'nearly 11° C., depending on the type of glass, the value 
being commonly higher for the- crown glasses than for the flint series. 
These measurements of mobility were made by observing the rate of 
stretching, or of bending, or of twisting of glass rods under constant 
load at the different temperatures. As the temperature falls the 
mobility decreases so rapidly that mechanical methods are no longer 
practicable and recourse is had to optical methods. 

Strain in glass signifies physical inhomogeneity and this finds 
expression in the effects which strained glass exerts on transmitted 
light waves that encounter different degrees of resistance according 
to the direction of their transmission. This difference gives rise 
to the phenomena of double refraction and these can be detected 
and measured by the use of polarized light and suitable accessory 
appliances. Early in the last century Brewster discovered that 
in strained glass the resulting bii'efringence is proportional to the 
load; in other words, stress in a glass can be measured in terms of 
birefringence. Methods, based on the measurements of the bire- 
fringence in a piece of optical glass, have long been used and afford 
simple and satisfactory moans to study strain in glass from ordinary 
temperatures up to the softening region of glasses. Coipmonly the 
path-difference between the two planc-plorized light waves is meas- 
ured by means either of a graduattHi wedge, or of a Babinet com- 
pensator, or of other device of similar nature, either in white or 
monochromatic light; or the ellipticity of the emergent beam is 
(ietonnined in monochromatic light and the path difference is then 
computed from the ('.llipticity. Measurements by these .methods 
have recently been published by Twyman,*’ Tool and Valasek,’® 
Adams and Williamson,** and Littleton and Roberts,*’ and prove that 
law given for the c.hauge of viscosity with temperature is valid 
for the change of rate of relief of stresses with temperature; except 
that in th<^ cas(^ of birefringeiuw the temperature interval required 
for a doubling of the rate is found to* be somewhat smaller than 
that neewHary for a doubling of the mobility when measured by 
mechanical methods. This (liscrepancy may, however, be due to 
the fact that immsurements of the mechanic.al deformation are 
made at higher temperatures than those of the change in birefringence. 
The e<|uation (expressing the change in rate of relief of stress or the 

•* Bur. Htaiulardu Bull., No. aSM, 101#. 

^ I‘UiU»oi)i>loal Trwiseellous, IHH. 

** J(mr. Htto. (llaw TeoUnology, I, 01-73, 1017. 

J(Hir. ( >i.t. H^K•. Amiirica, J V, 'ilS-JOl, im. 

«> Jour. Opl. H(X'. ABWk‘a JV, m-m, IIW; Jour. Franklin Inat. 190, m~m, 836-370, 1020. 
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change in relaxation time as measured by optical methods is 
accordingly 

JC -fl/8 8o-S 8o-8 0.0376- (flo-fl) 8 q-9 

T=^=K-2 =2 8 =2 N =10 ==en.54 (2) 

or 

log r= C- (6^ -d) = M,-M, 9 (2a) 

This equation of Twyman, which states in effect that the logarithm 
of the relaxation is a linear function of the temperature, is important 
and will be referred to again. 

(&) In a theoretical presentation of this general subject, Maxwell 
suggested as a tentative hypothesis that at a given temperature the 
rate of disappearance of stress in a strained body is proportional 
to the stress itself. Twyman states that his experimental results 
confirm this statement. Tool and Valasek found that the relaxa- 
tion time increases perceptibly with decrease in the stresses and 
resulting birefringence. Adams and Williamson deduce from 
their measurements that the rate of relief of th^. stress varies, not 
directly, but as the square of the stress. Expressed in terms of 
decrease in birefringence this leads to the equation 

10^An“l0’.Ano“^’^ 

in which Ario is the initial birefringence (stress) , An the birefringence 
after the time, t, and T, the relaxation time. 

Further experimental evidence will be required to explain these 
discrepancies, namely: (1) The differences in the rates of change 
of viscosity as determined by optical and by mechanical methods, 
respectively, and (2) the rate of relief of stress, as a function of 
the stress at a constant temperature. 

Table 9. — Constants M^, Mn, C, N of equations 2 and 2a, and annealing temperatures 
(centigrade) for different times. 


Kind of glass. 

Ml or 

C 


Mj 

M, 
or flo 

JV 

Time to reduce strain-birefringence from 50.10~J 
to 5.10-7, 

1 minute. 

5 minutes. 

i 

1 

o 

D 

O 

Si 

5 hours. 

1 day. 

1 week. 

1 month. 

imuiiiiH 

nm 


“C, 



'C. 

“C. 

"C. 

■><7. 

°C. 

m 


BcK’oaiUcate crown. . . 


18.68 

624 

10.00 

598 

575 

565 

539 

515 

493 

464 

mm 

Ordinary crown 

HESI 

17.33 

598 

10.31 

573 

548 

538 

511 

487 

464 

431 

414 

Light barimn crown. . 

.032 

20. 10 

628 

9.41 

605 


574 

549 

527 

506 

480 

^1 

Heavy barium crown. 

.038 

24.95 

657 

7.92 

637 


■ilil 


572 

5f»4 

532 

516 

Barium flint 

.028 


582 

10.75 

555 


519 

491 

466 

442 

412 

390 

Light flint 


15.92 

482 

9. 12 

460 

439 

429 

406 

385 

364 

338 

320 

M^um flint 

.038 

ia34 

483 

7.92 

463 

445 

437 

416 

398 

380 

358 

342 

Heavy flint 


17.51 

473 

8.13 

453 

434 

426 

405 

386 

368 

345 

329 

Extra heavy flint 



456 

9.12 

433 

412 

■1 

379 

358 

337 

312 

292 


*» Bur. Standards BuU., No. 358, 1920. 

«• Adams and Williamson, Jour, Ojat. Soc. America IV, 219, 1920. 
« Phil. Mag. (4), 84, 129, 1868. 

« Jmir. Ont. Siv*. ATnArif*A. IV. 210. 102ft. 
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Ill Tal>!« 9 are listed the relaxation times required for the reduc- 
tion of the liirefringonce from 50 X 10 ’ to 5X 10“'' or, in other words, 
the path difference per centimeter glass jiath from 50 millimicrons 
to 5 inillimicroris for different types of glass at different temperatures. 
The chemical compositions of these glasses are given in Table 11 on 
page 160. The numbers listed in columns 2, 3, 4, and 5 of Table 9 
are the values of the constants if, = (7, M^l M^ ^ 6^, and N of the 
foregoing equations 2 and 2a. The time required for the relaxation 
of any giv(m |)erc-entage of a stress at a given temperature is stated 
by the empirical ecpiation (3) in terms of the resulting birefringences. 
Thus the times required to reduce the birefringences from 500 10"' 
to 50 10 ■' and from 50 10 '' to 51()~'' are in the ratio (equation 3). 

1 I 

50 ~ 500 I 
I _ l'""l() 

5 50 

From (his it is evident that the smaller the stress the longer it takes 
to n'lax it. The values listed in Table 9 may therefore be taken as 
indicating the ord(‘.r of magnitude of the relaxation times for different 
glass<*s at. di'fferiuit temperatures. 

(c) Mxp<‘.riments by Peters and (h'agoe have shown that the 
exjiansiou of optiiud glasses is practically linear up to about 500° C 
aft<‘.r which the, rate increases perceptibly as shown in Table 10 
re[)ro(luce(l from tlnur pa[)(U'. Somewhat abov(^ this temperature, 
moreover, the glass becomes soft and behaves as a strictly viscous 
]i<jiiid. Heat measurements''*' by Tool and Valasek have shown 
furthermore a {xu'ceptihle heat absorption in these glasses at this 
temperatun^ on heating the glass and an evolution of heat on cooling. 
'This heat effect has be(ui ascrilx'd tt> a change in the> molecular group- 
ings within the licpiid. Be the cau.se what it may, there seems to 
b(s definite pr(x>f of a change in the behavior of the glasses within this 
huuperature rang<', and in critical work this change^ must be taken into 
a<*c()unt. 

The first recorded observation on a heat efhxd. of this kind irl a 
glass is that, of Day and Allen on borax glass in the heating of 
which “a slight but persish'iit absorption of Ixait appeared in the 
same region (dhO" 500° D) and continued over some 20° C, after 
which the original rate of heating returixxl.” 

Aduiiiri tunl VVHUiUuNOii, Jour, Opt. Hck', Auinrl(u, I, 211), a>2(), 

C. (I. I‘oU'r:i aiitt C. H. CruKo<', Moiisurcmonlfi of lUo UutuiuI dllutiUloii of t’Uois iit lil|.’,h ti’inporaturcs 
Jour. dpt. S(K-, .Amorlou, IV, lO.'i Ml, tWd. 

X. Q. 'I'tKil uiul J, Vulaw'k, lUir. Htuiulurds Hull. No. .’IS-S, IU2(I. 

‘s Tho iHuuuirpltl-au uud tluTiiuil proiM'rtlcM of the Mdspurs, Cunicjdo IiisUtuUoii of WuHldiiRlon, Pub. 
No. ;n. p. :m. 
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Table 10. — Mean coefficitinl of Imair expansion of optical glasses. 


Kind (»f glass. 


Light crown 

Borosilicato crown 
Barium crown. . . . 

Light flint 

Medium flint 

Barium flint 


'I'cmp(>ra- 


'rompora- 

(•xiep. 

turc In- 

e.’xi(P. 

turo iii- 

l.('rval °C. 

t.(>rval °C. 


22 12(1 

0. 102 

.WJ 7)22 

0. 5,15 

22 .IW 

.000 

MO r>ei 2 

. 8o:$ 

211 11K) 

.000 

.'iKO eijo 

.049 

22 Ifll 

. 07(1 

ior» .111 

.292 

2:i .t(r2 

.em? 

1.W 17H 

.:i9o 

22 iia 

.OHS 

.110 .'lAO 

. ;i;(i 


(d) Moasurements of the (“.han^es in toinpo.ratdirc at difrorent points 
in a pot of coolinj; ^lass luivo boon made l)y li. S, Robort.s by 
inserting l)aro, base.-ni(‘-tal thcniioole.inonts (idiimobc.hromol) into tho 
melt direx'tly after the removal of the pot from the melting furruiee. 
Time-temperature rt'adings wt'.re taken for dilbu’ent points within 
the mass during tin*, entire period of cooling; for eatdi pot of gla.ss a 
record was also kept of tlie (piality of amu'aling and of tlu‘ chara<‘ter 
of the fracture surfact^s. From a series of such data Ilolx'rts was 
able to formulate cooling scliedules and nudhods of (.nuitinent. of (.he 
pot of glass during cooling t hat insured t he kind of fract uring and the 
quality of annealing desired. 

General investigations into the tenipiuoitun* distribution of cooling 
solids and the st.n'ss(‘s arising from <‘hanges in t(unp(‘rature gradient 
have been made by I lopkinson/'* ('. Nmimann,'’'' Winkidmann and 
Schott/’" Lord Rayleigli/’LSchulz,’’" and mon* n‘C(‘ntly by Williamson/’" 
and Adams and William.son,"" and others."’ .Vdams and Williamsiui 
have computed tables giving numerical valu<‘s of s(>v(‘ral fact.orj? 
involved in t.lu'. annealing of glass bodit's of didVrent. shaf)('s and size's. 

We sliall now consieh'r tlu' tenqierat un'-s( ruin distribution in a 
pot of cooling gbi.ss an<l shall, for tlu' presf'ut, lU'gleeq. t lu' cliange's in 
expansion coeflicient just, below tlu* sofh'uing region of the* gla.ss; 
and assume with Roberts"* that the coe'flicie'nt of limuir e'xpansion 
is practically constant tliroughout tlie range' from room te'mperature 
to that at which tlu' glass Ix'gins tosofte'u, (Jlas.s on heating ('.xpands 
and on cooling contracts; if dillVn'nt. parts of llu' same gla.ss body 
cool at dilfere'nt rat.es, these' cemtrae't ei(. e*orre;spe>nelingly elitfe're'nt. 
rates anel, as a re'sult, inte'rnal stre'sse's are* pre>elue‘e'el. 'Fhe' rtite* »i(, 


M Jour. Amor. eVram. Sw,, ‘J. .'iia iiiui. 

MoHSCUKcr of MiUliomii(lo:i, rt, 1I!h, ISVU. 

Thcorlo (lor KlaHtflyiie, p. 11'.!, 1SK.S, 

Ann. (1. riiys, ftl, 71, ''i, l.'eill. 

’‘I Phil. Man. (()), 1, 1(11), ana. 

.Spreolmiil, 17, .KKi, 17.h, nil t, 

'"’Jour. \V(v.sh. Acml. ,Sci., U, 7(K», Hill). 

»« Phy.sionl Uov. N. .S. IV, IW 111, lUHl, .lour. Wic.h. Acml. Scl,, 9, (MM i\Zi, liiKl; Jour, ojit Srx'. Amorlcu, 
4, 213-22;i, 11)20. 

Byorly, Kourlor .Sori(‘s iind 'iplu'rlfol Udriuoiiic;;, Otiui A Co.; e’ur'.Inw, Fourier Scric, tuid lutcgruls, 
Macmillan A Co.; liifjr^r.soll (U(d Zolicl, MitUicrurteicii! Theory of ficiit (‘{irKarctloii, eJirui «1. Co, 

'•Jour. Am. Cerum. S(k-., 2, .'i.m, iiiiij, 
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which stresses of this nature are introduced depends on the rate of 
change, with time, of the temperature gradient, which produces the 
differences in the rates of contraction. At higher temperatures 
internal shearing stresses of this kind are relieved by actual flow of 
the material while at lower temperatures the viscosity becomes so 
great that such flow is extremely slow and stresses may persist for 
long periods of time. 

At the time of removal of the pot from the melting furnace the 
temperature throughout the pot is sensibly uniform, as shown by 
measurements of Roberts. The temperature at this time differs 



0 50 100 HOURS 

Fio. 43.— Timo-temperature curves for melts of optical glass cooled under different conditions. Curves 
A, B, Care for a melt cooled In sand; curves D and E for a melt cooled in the open air without any 
added Insuiating material. 

somewhat for the different types of glasses but ranges between 950° 
and 1,100° C. On cooling down either in a pot arch or under an 
insulated casing the temperature of the peripheral portions of the 
glass melt falls more rapidly than that of the center. The maximum 
temperature difference is reached generally between 500° C. and 600° 
C. and may amount to 100° C. or more; but it is commonly less. At 
600° C. practically all glasses except dense barium crowns are so 
soft that any stress arising from a change in the temperature gradient 
is relieved by flow so rapid that the glass mass remains in an essentially 
unstrained condition. If it were possible to maintain the tempera- 
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ture gradient established at 600° C. as an approximately steady 
state, by linear cooling down to the point at which the outside of the 
glass mass reaches room temperature, no strain would be introduced 
by this procedure. But from here on the central portion cools down 
to room temperature, thereby contracting and tending to puli away 
from the margins and introducing radial tensional stresses which in 
turn set up tangential compressive stresses in the peripheral portions 
of the glass mass. The stresses, thus set up because of the changes 
in temperature gradient, depend on the temperature difference 
between the center and the margin of the glass mass and also on its 
shape, size, and elastic character. 

The rates of cooling of the center (curve A) and the side (curve 
B) of a 36-inch pot of medium flint (rio — l-bl) are shown in figure 
43, reoroduced from Roberts’ paper.®® Curve C shows the rate of 


"C 



44.— Temperature differences between center and margin of melt for different temperatures of the 

center of three different melts. Curve A is for a melt cooled In air. without any added insulation; 
curve B for a melt cpoled in a pot-arch; curve C for a melt cooled In sand. 

cooling of the outside of the pot. In figure 44 the differences in tem- 
perature between the center and the sides of the glass mass are given 
for different temperatures (curve C). This diagram shows that a 
maximal difference of about 60° C. is reached at 600° C. and that 
between 600° and 400° C. the decrease in temperature difference is 
about 20° C. Curve A of figure 43 shows that at 600° C. the melt is 
cooling at the rate of 17° C. per hour; at 500° C. at the rate of 10° C. 
per hour; and at 400° C. at the rate of 6° C. per hour. Table 9 of 
Adams and Williamson, reproduced on^iage 151, states that at 416° 
C. the time required to anneal a medium flint is one hour; at higher 
tepiperatures the annealing time is much less. The conclusion is 
therefore justified that at a temperature of 400° C., or slightly above 
400° C., the glass mass is free from strain, all stresses resulting from 
a tenmeratiire CT'adient havinp^ been relieved bv flow. The meas- 




when the glass mass alone is considered without reference to the 
clay-pot container, the stresses, introduced on further cooling from 
the softening temperature region down to room temperature, result 
from the gradual decrease of the temperature gradient between the 
center and the margins ; in other words, from this temperature region 
down to room temperature the center of the glass mass is cooling 
faster than the periphery. Radial tensional stresses arise as a result 
of this change in temperature and tend to produce spherical cracks 
and shells not unlike, in general appearance, the concentric outer 
shells of an onion. This type of fracture is designated “exfoliation” 
in geology and is of common occurrence in the field. 


Fig. 45.— Well annealed melt showing plane cracks. (Photograph by H. S. Roberts at the 
Charleroi plant of the Pittsburgh Plato Glass Co.) 

It is possible to increase temporarily the temperature difference 
between the center and the margins by chilling the margins. In 
this case the outside is chilling at a faster rate than the center and, 
as a result, stresses of radial compression and tangential tension in 
the outer shells are introduced, which tend to cause the glass mass 
to crack or split along radial planes normal to the boundary surfaces, 
whereas, in the case of the decreasing thermal gradient, cracks paral- 
lel with the boundary surfaces tend to be produced. 

A cooling glass melt is similar in many respects to cooling lava. A 
lava flow, after it has cooled to the temperature of its surroundings, 





en to be filled with cracks and fissures running approximately 
llel and normal to its surface. These cracks develop as a result 
le contraction of the cooling lava and are a characteiistic phc- 
BHon not only in lavas but also in intrusive igneous ro(dvS and in 
nentary rocks. Similar cracks occur, as mud cracks, in (day or 
laceous material on drying out. Cracks and jointing phenomena 
ds nature are so well known that further description is unmV;- 
y. Suflice it to state the glassmaker desires to find (nudi pot of 
, when cold, cracked into large rectangular, well-aniuuih'.d blocdts 
:ded by relatively plane and smooth surfaces. (Fig. 45.) IJndc'r 
TOrable or improper rates of cooling, fissuring and jointing of thi.s 


46.— Poorly annealed melt showing spherical cracks. (Photograph liy ii. .M. tho 

Charleroi plant of the Pittsburgh Plato (lluss. iki.) 

does not develop, but spherical cracks abound and .sdwdl.s of flu- 
mass are found split off and away from a ('oiupacf., rounded 
d core. (Fig. 46.) Large ''marbles” or ''onion.s” of thi.s typ<» 
nwelcome, because they do not split regularly, but, into .sharp. 
Jar, and wedge-shaped chunks, with the result that much gla.s.s 
The glass which is obtained is, moreover, in fragments uiKsat - 
ory fPr molding or pressing; its fracture surfae.i's are rough 
0 uneven that the glass can not be satisfactorily inspecti'd. In 
roperly cooled melt the spherical cracks (analogous to thes ('xfoli- 
cracks in rocks) do not affect a large amount of glas.s. 
of the glass is fissured by vertical and occasional imrizontal 

424505 0 - 42 - 11 
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plane cracks, through which the quality of the glass can be readily 
seen, as through a polished plane surface. The modes of formation 
of these radial, plane iissures as contrasted with the concentric 
spherical cracks (exfoliation) are evidently different and require 
explanation. In this connection the following facts are signidcant: 

The temperature measurements of lloborts cited above prove that, 
in general, the insiximum temperature difference between the center 
and the margins of a pot of molten glass on cooling from 1,100° or 
IjOOO*^ C. is reached at approximately 000° C.; at this temperature, 
all shearing stresses arising from the changes in the temperature gra- 
dient are eliminated by a<'.tual ffow of the viscous glass. From this 
temperature region down to room temperature, the temperature differ- 
ence between the center and tlie margins gradually decreases; the 
center cools more rapidly than (.he margins and in e.onsequence tends 
to contract and to pull away, tluu'eby H(^(.ting up tensional radial 
stresses. Analysis of t.lu^ .stressc^s prodiu'.e.d in a glass mass cooling 
under these conditions ''■* [)roves that, the radial tensional stresses in 
a cylinder or a sphere inc.ri-iasi^ from zero at the periphery to the maxi- 
mum value at the center while the ac<-.oTnpanying tangent.ial stresses 
are compressive at the margins, gradually de(‘,reaso toward the center, 
become zero, and thou im'.roase as (.(uvsional st.resses attaining a 
maximal valine (Mpial to tlu^ radial st.ress at tln^ center. 

In a body cooling undc^r thwe e.onditions, tlu^ t,ang(uitial stresses 
at the margins are c.ompressive and therefore unfavorable to the for- 
mation of radial c-racks. Some otluM' cause must, besought to account 
for the observed type of fra<’.t.ure. 

It Wiis noted during t.lu^ ('arly months of th(^ war tiiat a c.liango in 
the make of a pot (('.hang<^ in materials and in thickness of pot walls) 
resulted ill unfavorably frae.t.ured pots of glass; this was remedied by 
a change in the e.ooling sche<lule. lOxixn-icMiee taught that in general 
an average cooling rate of 8° (1. or less per hour from ()()()° to 350° 0. 
resulted in satisfactorily frae.t.ured ami annealed ghiss whereas cooling 
at doiibhi this rate or 15° O. per hour n'lsult.ed in poorly annealed and 
exfoliated “bowldera’' or “ marbles” of ghuss. A further proof of the 
inffuone.o of the pot on tlu^ charaettw of the fracture of the glass was 
furnished later by II. 8. Ilobert^i, who reluaited a "marble” very 
slowly by insulat.ing it well in sand and then e.ooled it somewhat more 
slowly than the cooling rate of tln^ ordinary pot. The result was a 
well-anneal(ul block without i^raeks, thus indic.ating the influence of 
the pot in prodmung cracks in the glass mass cooled under these 
conditions. 

The coefficient of linear (^.vpansion of (.he matc^rial of optical glass 
pots varies with the ingredi(uit,s of the jiot. Ah an average we may 
assume its coefficient of linear expansion to lie about 50'1()"''. The 

M Jl. I). WlUlam#ou, Jour. Wash. Aoail. Hoi. 9, W-217, IBID. 
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coefficients of linear expansion of optical glasses range from about 
6010 ^ to lOO lO"’.®® Thus it is 9710"’ for a medium flint glass 
(Table 10, page 153). 

The significant fact is that in all cases the pot walls contract less on 
cooling than does the glass adhering to them, with the result that the 
glass is put under elastic tension, whose magnitude depends on the 
difference in expansion coefficients between the glass and the contair^- 
ing pot. 

The stresses which arise as a result of these relations can be com- 
puted on the assumption that the pot of glass is cylindrical in shape 
and that for diametral plane sections near the center of the pot a 
plane normal to the axis of the cylinder remains a plane throughout 
the contraction. The stresses, which arise as a result of linear cooling 
at such a rate that a difference in temperature between the center and 
the periphery of 100° C. is attained in the steady state, are for a pot of 
medium flint glass of radius, r = 40 centimeters (diameter of pot about 
30 inches) in kilograms per square centimeter:*® 

(Tangential) 


in these equations Pj andPj are the radial and tangential stresses, respec- 
tively, at the point r; a = 97 10'^ is the expansion coefficient for medium 
flint; ^ = 0.001°C., temperature increase or decrease per second to 
maintain a constant difference of 100° C. between center and margin 
orf glass cylinder 80 centimeters in diameter; /c = 0.004, the diffusivity; 


9PZ 


and/= 


3Z-2P 

18PZ 


are elastic constants, e, being the elongation 


of glass rod or bar of unit length and area caused by a load of 1 
kilogram, and / the accompanying contraction in the direction 
normal to the direction of the load and axis of the rod; Young’s 
modulus is Ije and Poisson’s ratio, fje] the constants K and R are, 
respectively, the modulus of compressibility (bulk modulus) and the 
modulus of rigidity. Values of the elastic constants for different 
glass types are listed in Table 11 of Adams and Williamson®'^; in 
this table the weight percentage chemical compositions, and data 
on birefringence, on thermal diffusivity, and on linear expansion are 
also listed. 


« Peters and Cragoe, Jour. Opt. Soc. America, IV, 105-144, 1920. 
M E. D. Williamson. Jour. Wash. Acad. ScL, 9. 216. 1919. 
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■lVm,K 11.. and vhyM comtant, ofdiferent tyjm o/ optical 


KliiU of glass. 


llonpiiUcnto rrown . . 

Ortlliinry rrown 

Imrliiiu crown. 
Ucmp Imrlnin crown 
Httflnm ninl . , . 

UglU ftliu 

Mtslltiin Hint . 

I)t>nsc flint 

Kutrttilcnsc (lint ... 


Klnil o( glass. 


iloioTllicalc crown. . . 

OMlInary crown 

I.lgtit Imtliiin crown , 
I'cnsc IWfUmr crown. 

Horlmn fllnl 

Mghl flint 

VtfsUuin flint . . . , , 
lionip (lint 

KxlrailcnMi' rtlnt 


Chemical composition (approx.) wt. per cent. 


A1,0,. 

i 

a 

BjOj. 

,r 

4 

0 

PbO. 

ZnO. 

BaO. 

CaO. 

KjO. 

Na,0. 

11 

8 

4 

43 

12 

8 

1 

5 

9 

U 

3 





24 

8 

15 


4 

3 



48 




5 

6 



.52 




4 

3 



69 





3 



— 







Optl 

(Uil prnpcrtles. 

Mechanical 

properties. 

Thermal properties. 

Uefr. 

index 

n„. 

>» 

Blrofrlu- 
RcncodHO 
to i kg/cm* 
In-Kl. 

a 

Modulus of 
compres- 
.slbilily 
kg/cm*. 

K 

Modulus of 
rigidity 
k^cm*. 

R 

Coeff. of 
linear ex- 
pansion. 

a 

Thermal 

diffusiv- 

ity. 

cm’/scc. 

K 

1. .516 

62 

-■2.a5X10-J 

0.43X105 

0.29X10* 

7.5X10-* 

n 

l..52;i 

.50 

‘-'2..57X10-? 

0.46X10* 

0. 28X10* 

8.9X10-* 

n. nrwy 

I. .574 

.57 

-2.81 X10-’ 

0. .52X10* 

0.30X10* 

7.4X10-* 

n. nmo 

l.WW 

.57 

-2.16X10'’ 

0.63X10* 

0. 29X10* 

6.4X10-* 

0.0040 

1.006 

44 

-3.10X10-’ 

0. 42X 10* 

0.26X10* 

7. 7X10-< 

0. 0038 

1. <57.1 

42 

1-3.20X10-’ 

0. .3.5X10* 

0.24X10* 

8.4X1(H 

0.0040 

1.616 

37 

-3.13X10-’ 

0.34X10* 

0.22X10* 

8.1X10 « 

0.0038 

1.6,W 

33 

27 

-2.67X10-’ 

0.34X10* 

0.22X10* 

8. 2X10-* 

0.0036 

1.7.56 

-1. 22X10-’ 

0.32X10* 

1 

0.20X10* 

8.5X10^ 

0.0033 


Suh.sti(.u(iiig (.ho appropriate values for the medium flint in the 
ahovt' t'tjuation, wo find for the marginal shell (r = a) the stresses 
/>, () 


fl7-10 ^XO.OOI X1()()()X2 
iVi X ().()()4 X (1 .842-10 «~()T43iaO-^ 


-^343.72 kg. cm^ 


For a ratt' of linear heating /i. 0.005 per second, the tangential com- 

proMsivt' .stroHH i.s 171.8(5 kg. cnF. The stresses at the center (r = 0) 


ar«‘ 


P 


ixha^ <17-10 'X 0.001 XI. 600 
1 (5K(r /) ■ 1 6 X 0.004 Xl .TllTO-” 


= 171.86 kg. cml 


Bti<h HtrossoH are tensional. 

'riit' flint, glass mass at a temperature 400° C. or higher is practically 
without, strain in spite of the temperature gradient existing at that 
(oinporaturo. On (uioling the tempcuaturo gradient gradually dis- 
appoar.s, hut in so doing gives rise to stresses which persist except for 
that part of t.he stresses which is eliminated by viscous flow. As a 
fiint ajiproxiniation we may con.sider the above stresses, tangential 
and radial, computed for the margin and center of the mass asrepre- 
m'utative of (lu* ordiir of magnitude of the actual stresses existmg in 
♦ K.. nitiua (if. rontn temnerature. 


THE ANNEALING EEBTOD. 


Ls a result of the difference in coefficients of expansion of the glass 
3 s and of the containing pot to whose walls the glass adheres, 
itic tensional stresses are set up and superimposed on the stresses 
uced by the disappearance of the temperature gradient. These 
isses can be computed if, as before, we assume the pot to be cylin- 
!al in shape and consider only central diamentral planes located at a 
,ance from the ends. The total linear contraction of the glass 
unit length from 420° to 20° C. is then 400' 97T0'’; the total 
ar contraction of the pot is 400' 50‘10‘’; and the difference in 
igation is 400’ 47'10'’’ = 0.00188. If the pot walls were perfectly 
1 the linear stretching per unit length of the adhering glass mass 
lid be 0.00188, but as this is not the case, we may, as a first 
roximation, assume that the walls are pulled in as much as the 
s is stretched out, in which case the elongation per unit length 
he glass mass is 0.00094. Let Pj, and Pg be the axial, radial, 
tangential stresses, respectively, at a given point. The equations 
the elongations E, F, and G in the directions P,, Pg, and Pg are 

P=6P,^/P,-/P3 
P= -/P, + ePg-/Pg 
-fP-fP.-VeP, 

, under the assumptions made, P^=0 and P^^Ps- Therefore 


0, 00094 0. 00094 

e-i 1.411X10-*' 


= 665. 19 kg. cm*. 


nder these conditions there are superimposed on the glass mass, 
result of the interaction between pot and glass on cooling, tensile 
sses both radial and tangential which approach the elastic limit 
le glass in magnitude. The radial tension on the marginal layer 
ass is then 665 kg. cm*; the tangential tension is 665-344 = 321 
5m.* for the larger temperature difference and 493 kg. cm* for the 
ler temperature interval (7i, = 0.0005° per sec.) Both the tan- 
ial and the radial tensional stresses increase from the periphery to 
center; at the center their order of magnitude is 665 + 172 = 837 
jm.* The tensional stresses at the center are hydrostatic, 
le foregoing values are only first approximations; but they indi- 
that in the glass mass itself tensional stresses of considerable mag- 
le are present such that, if a mechanically weak point were to 
lop in the glass, the system is mechanically unstable and so 
failure that cracks of considerable magnitude would probably 
lop. The pot walls are for the most part, moreover, under 
y tangential compression and show little tendency to crack 
lly. 
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In case the pot of glass were to cool more rapidly than usual so 
that for example = 0.002° per second, then P^ = —687.44 kg. cm.* 
Under these conditions the final tangential stress in the marginal layer 
is still compressive 665 — 687 = — 22 kg. cm.* and there is no tendency 
for radial cracks to form. Under these conditions of rapid cooling the 
glass is not only poorly annealed, but is not cracked transversely, and 
a “marble” or “onion” is the result. 

It is a matter of factory observation that the pot walls at the 
margins of a cold pot of glass are cracked but little, and that it is in 
many cases difficult to jfind a pronounced crack on the outside of the 
pot without examination of the glass itself. 

The foregoing explanation of the formation of cracks is not complete 
and does not account adequately for the fact that in a properly cracked 
pot of glass a master vertical plane fissure divides the part into 
halves. The formation of the other joint cracks, roughly perpen- 
dicular to the master joint-plane, is readily deduced frpm symmetry 
relations and the existing tensional shearing stresses. 

Roberts®® found that rapid chilling of the pot. of glass at about 
300° C., induced by removal of the insulation, or by turning off the gas 
and opening the dampers in the case of melts cooled in the pot arch, 
favored the formation of radial cracks. Tangential tensional forces 
are introduced by this procedure, and the general cooling schedule of 
the glass is thereby disturbed so that a mechanically weak spot 
might give way and thus introduce the radial cracks. Once radial 
cracks have begun to appear the tendency for the spherical cracks 
to form is diminished. 

It may be noted that the plane cracks (joints), produced as de- 
scribed above, form slowly and with reference to the distribution of 
the shearing stresses involved; in other words they form with refer- 
ence to the symmetry of the pot. Similar phenomena are of common 
occurrence in nature as, for example the columnar jointing of certain 
lava flows in which the joint columns are normal to the cooling 
boundary surfaces. For the formation of plane joint cracks, slow 
and fairly uniform cooling is essential. In the case of stresses de- 
veloped by the sharp blow of a hammer, the distribution of the elastic 
stresses is entirely different, and characteristic wavy or conchoidal 
fracture surfaces develop in well-annealed glass or other homoge- 
neous material. If, however, there exist other stresses, as in a block 
of poorly annealed, badly strained glass, in addition to those devel- 
oped momentarily by mechanical means, the fracture surface resulting 
from the hammer blow is uneven and commonly hackly in nature; 
it is rough and torn as though the glass had been split across some 


POT-ARCH COOLING. 


There is a noticeable difference between the types of fracture 
developed in a mass of glass or other homogeneous material on cooling 
and on that produced on heating. As a rule the cooling cracks tend 
to be plane surfaces intersecting at angles ranging between 60° and 
90° and. to be approximately normal to, and parallel with, the bound 
ary surfaces. Cracks developed on rapid heating are commonly 
warped surfaces, rarely plane and rarely showing any tendency 
toward regularity in the mode of their intersections. This criterion 
was successfully applied during the war to detect and to locate 
sabotage by enemy aliens in the grinding and polishing department 
of one of the plants devoted to the manufacture of optical munitions. 

POT-ARCH COOLING. 

During the war different methods of cooling the melt were employed 
and served the purpose well. During 1917 the method first described 
by Schott in 1888 was followed; it had been in use at the Bausch 
& Lomb plant before our arrival. The pot after removal from the 
furnace was allowed to stand in the open air on fire-clay supports 
and to cool for a period of 15 to 45 minutes. It was then placed on 
similar fire-clay supports in the heated pot arch from which the new 
empty pot had just been removed and set in the melting furnace. 
During the interval occupied with the exchange of pots the door of 
the pot arch was left open and its heating chamber allowed to cool to 
700° or 800° C. The pot arch was then closed, its burners lighted 
and the pot temperature allowed to fall, to a dull-red heat (500° 
to 600° C.) in about 20 hours, after which the burners and stack 
drafts were either closed completely and the pot arch was sealed, 
or the burners were turned gradually lower so that by the end of the 
next day (24 hours) the temperature had fallen to about 350° C. 
It was found by measurement of the pot-arch temperatures that if 
the cooling rate between 600° and 350° C. averages 8° C. drop per 
hour satisfactory annealing and transverse fissuring result; but if 
the temperature falls at a rate of 12° to 15° C. per hour poor 
annealing and a poor quality of fracturing are obtained. Between 
350° to 300° C. the burners are turned off and the furnace is allowed 
to cool at a normal rate. By this time the transverse fissuring has 
probably begun. Cold-air drafts should be avoided in the pot arch, 
as these may supercool the glass pot locally and thereby induce local 
irregularities. 

At the Spencer Lens plant C. N. Fenner modified this schedule 
somewhat. Ho found that satisfactory annealing and fracturing 
results if the pot of molten glass after removal from the melting 
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in tho lu'.atod pot arch and the burners are so adjusted that the tem- 
perature'. drops to a dull-red heat (500° to 600° C.) in about 16 hours. 
'Tile huriKU’s are t/heu either turned off completely and the pot arch 
is se.aU>d so that its heat is lost solely by conduction through the 
furnace walls, or tlui burners are so adjusted that the pot-arch tem- 
piu’aturi'. above the pot drops to 400° (X in about 24 hours. After 
l.his the burners are turned off and the pot arch is allowed to cool. 

At I, he Pittsburgh Plate (Hass Co. the pot-arch method used by 
Roberts Avas not greatly different from the foregoing. The melt 
was cooh'd fairly r. pidly (in 20 hours) to alioiit 500° C., but still 



Kjh. a. Tlnu' (omiiiniaiiio i-tirv(vi for npilml kI*'?*!' niolta cdoIimI la u pat arch. Tlio tomponituroa arc 
tUo'ia nf t.ha air avor anil cloMi to tlio pot. TUo <ttmUty of tlu» lUUMiallaK and fraotiiro la oacb eaao axo 
liulii-atctl )<y tliofiyailiiilticliorma to ropnmat tJu» r.arvo. 

suflieiiMitly slowly that tlu‘. tiuujX'ratun' dillVrenc.t'. btd.ween the (‘.enter 
and (he sidi's of tlu^ glass mass did not (^.\(‘.(^ed 75° 0 . The melt 
eoob'd from 500'’ (!. to dOO" (5. in the ne.xt 50 hours wlnm the heat was 
(.uriK'd off, the rati^ of (‘.ooliag of the pot btung thereby temporarily 
aecideral.i'd. In all cast's Rolx'rts insulated the top surface by a layer, 
5 t.o 4 iiudu's thi('.k, of dial.onnu'.cous ('.arth. 

'The ri'sult.s of tlu\ (.hrt'.e diffi'iauit methods of cooling are summarized 
in figurt^ 47 rt‘])roduc.('d from Roberts article.” Tluwe curves show 
(hat slow cooling through tln^ high (.emjierature range serves no 
purixjsi';. when'as slow cooling through the annealing range from 

'* Jiiur. Ata. (‘('raia. Sac., ‘i, .'ifn, UHU. 

.tniir, .Anna. t'lTiua. Sm'.. ‘i, .Wi, UIHI. 


THE RATE OF COOLING. 


500° to 300° C., is essential to successful annealing and to transverse 
fracturing of the glass mass. 

INSULATION TO REGULATE RATE OF COOLING. 

Because of the fact that the temperature range, through which 
careful regulation of the rate of cooling is required, is below 600° C., 
it is possible to envelop the pot of molten glass with heat-insulating 
material and thus to retard its cooling rate as effectively as in a pot 
arch. This method of pot cooling was developed chiefly at tha 
Pittsburgh Plate Glass Co. and was placed on an effective routine 
basis by Mr. H. S. Roberts. Either sand or a better heat-insulating 
material, such as diatomaceous earth (kieselguhr) , may be used and 
the pot surrounded by it. A layer of sand 8 inches thick suffices 
for pots 30 to 50 inches in diameter. The moving of the sand is a 
laborious operation and the final form of insulating device, as devel- 
oped both at the Pittsburgh Plate Glass Co. and at the Bausch & 
Lomb Optical Co., was essentially a hollow, double-walled, sheet-iron 
cap in the form of a cylinder closed at one end and equipped with 
handles for lifting. The space, 3 to 4 inches wide, between the walls 
and the ends of this cap are filled with light, diatomaceous earth. 
A di'um of this design is easily handled and, when placed in position 
over the cooling pot, provides adequate heat insulation. The 
schedule followed by Roberts for this method is briefly: On removal 
of the pot of molten glass from the melting furnace place it on three 
fire-clay blocks at least 8 inches high to allow adequate circulation 
of air along base of pot. Cover surface of melt with a layer 3 to 4 
inches thick of diatomaceous earth. Four hours later for 36-inch 
pots and eight hours later for 49-inch pots apply insulation in the 
form either of an 8-inch layer of loose sand or of the sheet-iron in- 
sulating cap. In all cases shovel loose sand or kieselguhr as insula- 
tion beneath pot. Remove insulation from 36-inch pot three days 
later and from 49-inch pot five days later. Pot can be broken up 
two or three days later. The temperatures at the different stages 
of this operation were measured by Roberts and are listed in Table 
12 reproduced from Roberts article.^^ 

Table 12.' — Approximate temperatures at center of S6-inch pot melts cooled in sand. 


Typo of glass. 


Light flint 

Medium flint 

Dense flint 

Ordinary crown . . . 
Borosilicate crown. . . 
Light barium crown. 
Dense barium crown 


TId* 

Tem- 
peratiure 
set out. 

Tem- 
perature 
after 4 
hours. 

Anneal- 
ing tem- 
perature. 

Tem- 
perature 
after 72 
hours. 

1.57 

“ C. 
1,.038 


° C. 

465 

° C. 

320 

l.Gl 

996 

780 

455 


1.66 

968 

760 

445 


1.52 

1,093 

850 

570 


1.52 

1,116 

860 


360 

1.57 


790 


310 



790 




Jour. Am. Ceram. Soo., 2, 561, 1919. 
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BREAKING UP A POT OP GLASS. 

Tho pofc of glass, after having cooled to room tempeiature, is se 
out on the floor of the furnace hall where it is broken apart. (Fif 
48.) In this operation care is taken to preserve intact the lai^ 
hkx'ks of glass hounded by joint planes. Commonly a vertici 
maHter joint divides the pot into halves; the pot is spHt along th 
plane by means of the cliisel edge of a crow bar; the blocks of gla 
urtH then jarred loose from the pot by tapping it with a sledge hanune 
'Phe gla.HH bloelis are not hit directly with the hammer because of tl 



,, ..I clnH-j. Note the shoowron insulating cap on 1 Bit, I 

al iijilllf 


iif lUurifli A e*>nvh (iptlcnl Co.) 


.,l.,u,..rinr »u.l 1»8H which would ho thereby luwred. Ah 
u ucu.H arc ue,,aral.Mi from the glass- and the entee mass of 
-V,:;, L U ansfcrred to a hox of standard sbc and dmded mto e, 
,:,„.,,,„rt,m-nls (n hohl the small and large pieces of ^ 

1 ,a,' 1-, ,u,. Httachcl to each box giying the number and date o 

,1,H, H special lifting truck eau be used to ^ 

1 lo nlaee US needed without tilting. Boxes of this kind, 

‘ rT', 1 m 1 e 1 ot standard shape and adequate size ar 
■ y ■ 1, 0 stored three or four deep and were foui 

w-mcul. Ilu'.v '-an >'0 essential that each p 

'T ’'‘‘r Tn-lued' as'r unit in subsequent operations, otber^e 
f':.:,!;! :r .utxiug mm type of glass with another and this 


be exercisea .o the storage vuux., - 

Before transferrmg the box ot r g l^y nieans of a 

examined while still on the floor bubbles and seeds, 

electric light ’• r^of 

character of fracture of percentage yieki of 

estimate is made of the g <1 preliminary inspection, 

usable glass m the mel . maasured on pieces, selected at 

together with the optical constants measure ? j enables 

random from the broken fra^enta .a “y rf .-aw 

the manager to form an estimate of the kmda anO qua y 

glaaa on hand and aYailable for further ^all to the 

mvio nf c/la 9 s is now transferred from the lurnaco iwu u 

The box of glass is now glassmaker to the 

storage vault and passes out of the hands oi i ^ to 

trtoera and thence through the preasmg and ‘Ylhe 

the grinders and pohshers, to the mspectors and thence baci 
stor^Tault. 'These stages of the manrfaoturmg ^ 

be considered briefly. Before leanug the ® ! 

modification of the standard process of ®*“^lTwa^ as u 

may be discussed because it was introduced during tho wai as a 
time-saving method and proved in practice to be well adapted foi 
certain purposes. 

CASTING OF OPnOAL GLASS. 


Spectacle lenses are made from ordinary crown glass rolled into 
sheets similar to plate glass. This process of manufacture is diH- 
tincdy different from that of optical glass and has many advantages 
in its favor. The casting process, as practiced in tho plate-ghiKs 
industry, is briefly the following: The pot of molten glass, after it 
has fined properly and cooled somewhat, is removed from the melting 
furnace and lifted by a traveling crane to a heated, flat, iron casting 
table, 14 feet wide and 22 feet long, on which the molten glass is 
poured and then rolled out into a sheet of the desired thickiK'.ss by 
means of a heavy cylindrical iron drum 20 inches in diameter. 1 he 
sheet of glass is then pushed into a heated annealing oven or hdir 
where it cools down to room temperature in the course of a day or 
so, depending on the thickness of the sheet. The empty melting 
pot is returned at once to the melting furnace and is gradually 
refilled with raw batch for a new run. Casting pots may be used 
for 10, 20, and even 30 or more runs. The quality of glass has becm 
found to improve after the first two or three runs because the walls 
of the pot become more tightly sintered and baked, and offer greater 
resistance to the metal. 


I* A portable automobile bead or search light answers the piirpose well. 
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breaking up a pot of glass. 


The pot of glass, after having cooled to room tempeiature, 
on the floor of the furnace h^where 

blocks of glass bounded by joint planes Co^o^y ^ 
master joint divides the pot into h^ves; “ blocks oi 

plane by means of the chisel edge of a 

L then jarred loose from the pot by ta,ppmg it with ^ ^ 

The glass blocks are not hit directly with the hammer because 



Fig. 48.— Breaking apart pots of optical glass. Note the sheac-iron insulating cap on left 
stca'age box for pot of optical glass on right of photograph. (Photograph by J- Harper S 
at plant of Bausch <t Bomb Optical Co.) 


shattering and loss which would be thereby incurred. All 
fragments are separated from the glass- and the entire mass o: 
glass is transferred to a box of standard size and divided into se 
compartments to hold the small and large pieces of glass, (Fig 
Labels are attached to each box giving the number and date o 
melt and the type of glass. The boxes are made with raised boti 
so that a special lifting truck can be used to move them 
place to place as needed without tilting. Boxes of this kind, ] 
of heavy lumber and of standard shape and adequate size are 
venient; they can he stored three or four deep and were four 
be satisfactory in every respect. It is essential that each p 
srlass he trenleH 


ROLLED OPTICAL GLASS. 


to disastrous results in later factory routine. Meticulous care should 
be exercised to avoid mixing different glass melts. 

Before transferring the box of raw glass to the storage vault, it is 
examined while still on the floor of the furnace hall by means of a 
strong electric light for striae, stones, color, bubbles and seeds, 
character of fracture, size of blocks, and state of annealing; a rough 
estimate is made of the general quality and percentage yield of 
usable glass in the melt. A record of this preliminary inspection, 
together with the optical constants measured on pieces, selected at 
random from the broken fragments is filed for reference and enables 
the manager to form an estimate of the kinds and quality of raw 
glass on hand and available for further operations. 

The box of glass is now transferred from the furnace hall to the 
storage vault and passes out of the hands of the glassmaker to the 
trimmers and thence through the pressing and molding stages to 
the grinders and polishers, to the inspectors and thence back to the 
storage vault. These stages of the manufacturing process will now 
be considered briefly. Before leaving the furnace hall, however, a 
modification of the standard process of optical glass manufacture 
may be discussed because it was introduced during the war as a 
time-saving method and proved in practice to be well adapted for 
certain purposes. 


CASTING OF OPTICAL GLASS. 

Spectacle lenses are made from ordinary crown glass rolle<l into 
sheets similar to plate glass. This process of manufacture is dis- 
tinctly different from that of optical glass and has many advantages 
in its favor. The casting process, as practiced in the plate-glass 
industry, is briefly the following: The pot of molten glass, after it 
has fined properly and cooled somewhat, is removed from the melting 
furnace and lifted by a traveling crane to a heated, flat, iron casting 
table, 14 feet wide and 22 feet long, on which the molten glass is 
poured and then rolled out into a sheet of the desired thickness by 
means of a heavy cylindrical iron drum 20 inches in diameter. The 
sheet of glass is then pushed into a heated annealing oven or lehr 
where it cools down to room temperature in the course of a day or 
so, depending on the thickness of the sheet. The empty melting 
pot is returned at once to the melting furnace and is gradually 
refilled with raw batch for a new run. (lasting pots may be used 
for 10, 20, and even 30 or more runs. The quality of glass has been 
found to improve after the first two or three runs because the walls 
of the pot become more tightly sintered and baked, and offer greater 
resistance to the metal. 

A portable automobile head or soarob light answers the purpose well. 




This procedure eliminates many of the troublesome operations 
connected with th(5 coolinf]^-down proct'ss, and also with the molding 
and pressing, annealing and grinding, and polishing of the blocks of 
pot glass preparatory to the final inspec'dion. During the rolling 
operation the striae in the molten glass are spread out as thin sheets 
and bauds or ribbons parallel with the surfaces of the plate and hence 
do not appear when the plate, after polishing, is examined through 
the “flats,” as for instance in a window pane of plate glass. If 
however, the plat(i is oxainiiuul through the edges, it resembles a pile 
or ream of sheets of paper viewe<l edgewise; hence the plate-glass 
maker’s name, ‘'roam,” for this kind of striae. Striae arranged uni- 


Pio. -la. -Cttstlng ft HinftU pot of llgUt crown optlonl rUiwi. o liotognvph by J. Htvrpor Bnapp at 
plant of Bmim'b I'l: Comb Optical Co.) 

formly in this maniu'r are readily fletec'U'd whfui the glass plates are 
examined through fraf'.tun' snrfa(U‘s obtained on cutting a sheet 
of glass into small plates by means of a diamond point or glass-cutter’s 
wheel. 

Were it possible to producf'. oj)tical glass of good quality by this 
method much time and cixpense would bo saved and production 
expedited materially. Before the war rolled spectacle crown glass 
had been ancce.ssfiilly list'd for certain liuis elements, such as eyepiece 
field lenses, graduatec’ sc, ales (reticules), find prism .shields in certain 
fire-control instruments, Exjieriments were accordingly tried both 
at tbe Pittsburgh Plato Glass (Jo. and at the Bausch & Lomb Optical 
Co. to pour and to roll optical gloss after the manner of plate glass. 
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The pot of optical glass is removed from the furnace at a temperature 
at which the melt is still fairly liquid or fluent and is transferred as 
quickly as possible to the casting table. Experience is required to 
pour glass properly, and for the purpose the services of an experienced 
hand at casting plate glass are valuable. (Fig. 49.) The tempera- 
tures at which 49-inch pots should be removed from the furnace for 
casting are, for the different types of glass, the temperatures at which 
in the stirring operation it is necessary to reduce the size of the 
stirring circle and are approximately’'® the temperatures listed in 
Table 13. 

Table 13 . — Casting tem peratures for different types of optical glass. 


Typo of glass. 

TZu . 

1 

Temper- 
ature of 
melt on 
removal 
from 
furnace 
for 

casting 

pur- 

poses. 

Type of glass. 


Teraper- 
aturo of 
melt on 
removal 
from 
furnace 
for - 
casting 
pur- 
poses. 


1. r>2 

“ C. 
1,200 
1,200 

1 1.175 

1,200 

Light flint 


“ C. 
1,160 



1. 61.5 

1, 140 


1.57 

Dense Hint 

1.65 

1, 100 


■ l.Gl 

Barium flint 

1.61 

1, 175 




The results obtained with rolled optical glass prove that it is possi- 
ble with careful selection to produce optical glass of good quality by 
this method. For most lens elements rolled optical glass is satisfac- 
tory, because in these lenses the light passes approximately normal 
to whatever ream may be present. Striae and ream are present in 
sheets of glass rolled from well-stirred melts, because even in these 
melts it is impossible to eliminate entirely the differences in composi- 
tion between the margins and the center of the melt resulting from 
pot solution and from selective volatilization of the melt. These 
peripheral portions are spread through the homogenous central por- 
tion of the melt by the rolling operation and give rise locally to 
''ream.” 

Experience with rolled optical glass has proved definitely that the 
casting method is not only feasible but, in many respects, superior to the 
ordinary method, especially as a war-time measure. It is an entirely 
American development and its adoption during the war resulted in 
an appreciably increased rate of production. For large prisms, 
especially pentaprisms and roof-angled prisms in which the light rays 
traverse the prism in different directions, glass practically free from 
striae is required and is best obtained by the standard method of 
manufacture. But for ordinary, low-ppwer visual instruments and 
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photographic lenses the quality obtained by pouring and rolling is 
satisfactory. 

All types of glass may be cast if certain precautions are observed. 
The flint series, and even extra dense flmts, are of course most readily 
cast because of their viscosity relations and ease of annealing. Sheets 
of glass 2 inches thick may be cast by experienced hands under prop- 
erly regulated conditions. 

For many purposes inspection through the edges of the small plates 
cut with a diamond from a large sheet suffices for the detection of 
imperfections, such as striae, bubbles, stones, strain, and color. For 
more critical work the edges should be ground and polished so that rec- 
tangular plates are obtained. 
Inspection of plates of rolled 
glass polished on the sides only 
(flats) may fail to reveal the 
presence of heavy ream. 

PREPARATION OF RAW POT 
GLASS FOR PRESSING OR 
MOLDING. 

The operations described in 
this and the next few sections 
apply only to raw pot glass 
and not to rolled optical glass. 
From a production standpoint 
one of the advantages of rolled 
optical glass over ordinary 
optical glass is the reduction of 
the number of factory opera- 
tions required to produce the 
rolled stock and the conse- 
quent saving of time and ex- 

Fia. 50.— The inspection of optical glass in rough ponse which result therefrom. 

chunks. (Photograph by J. Harper Snapp at plant Each pot of raW pot glaSS as 
of Bausch & Lomb Optical Co.) I . . •' i » ® 

it IS received from the storage 
vault or from the furnace hall is inspected in the rough (fig. 50) and 
the portions of each block which contain striae or other imperfections 
are trimmed off. The large blocks are broken into smaller pieces suit- 
able for molding and pressing. For this purpose a heavy hammer and 
a sharp chisel with a cutting edge 1 to 2 inches long are used. (Fig. 51 .) 
The block of glass is placed on several thicknesses of thick, compact 
felt which shields the glass from bruises; the block is struck a sharp 

1,1 ii,- x t ~il 
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accomplisli this, well annealed glass is essential; poorly annealed 
glass breaks so irregularly and with such rough surfaces that it is 
exceedingly difidcult to prepare smooth pieces from it. 

For the direct inspection of the glass blocks a source of illumina- 
tion interrupted by dark areas is advisable; thus skylight entering 
through a window of many small panes or through a wide lattice 
work placed in front of a large window pane is better than uninter- 
rupted skyhght, because faint imperfections, such as fine striae, can be 


Fig. 61. — Trimming raw optical glass. (Photograph by J. Harper Snapp at plant of Bausch <k 

Lomb Optical Co.) 

seen more readily in half-shadow, oblique illumination than in direct 
illumination . The pieces containing imperfections are discarded as cul- 
let; the pieces free from obvious imperfections are trimmed preparatory 
to the pressing or molding operations. Reentrant angles are broken 
off; bruises and blemishes from the chisel are trimmed off; irregular 
and sharp angles are ground off. The glass blocks are best trimmed 
by the use of tough steel chipping-blocks; these are essentially square 
pieces of hard steel, one-fourth to one-half inch thick and 3 or more 
inches on a side, clamped upright by a screw bolt into a heavy iron 
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support. (Fig. 52.) The edges of the plate are ground sharp; the 
piece of glass to bo trimmed is placed against the edge or corner of 
the stool plate and the glass block is struck a blow on the opposite side 
with a weighted but light hammer of fiber, leather or celluloid. A 
hammer of this kind does not bruise the glass and enables the trimmer 
to chip off pieces of glass of almost any size and shape from the block. 
With a little practice trimmers become expert and prepare pieces 
of glass for pressing in a short time. Unless closely supervised, how- 
ever, they may become careless and waste a considerable amount 



Fio. 6'.!. "Trlinmlnp; ilofoctB from profis&d platc-s of optical glass. 
(i’hot()grii])h liy J. llarpor Snapi> iit [)lant of Si)om;()r Lons Co.) 


of good gla.ss. 'Pho trimming tables are brushed off and cleaned thor- 
oughly afl.er tlu'i preparation of each j)ot of glass in order that glass 
from diU’erent pots may not Ix^ mixed. 

THE INSTKCTION OF RAW GLASS »Y THE IMMERSION METHOD. 

For t.h(^ tuiudul inspiM'-tion of optie.al glass it is necessary that the 
.surfacf^ iiufX'.rfections Ix^ removtul (ul.Ixu’ l)y grinding and polishing 
plaru^-paraihd surfaces or by immersing tln^ glass fragment in a liquid 
of the same refractive^ index. The latter method was suggested and 
tried out by the writiu- in May, 1017 (Weekly lleport No. 3 for week 

in 1nl'7^ -.wW «a « for'f.nrxr Tnfithnd 
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because of the difficulty of obtaining suitable refractive liquids. 
Half a year later, the method was tried and adopted at the Pitts- 
burgh Plate Glass Co. A mixture of carbonbisulphide and benzol 
was used, in spite of the danger from fire and of the possibility of 
distress to the workman caused by the carbonbisulphide fumes. 

Faint striae in optical glass are detected because their refringence 
is slightly different from that of the surrounding glass. Two methods 
are in common use to render faint striae visible; both depend on the 
deviations, produced by the striae, in the paths of transmitted light 
rays; these in turn give rise to differences in intensity of field illumin- 
ation which under favorable conditions can be readily seen. Appro- 
priate methods for this purpose are described in detail in the next 
chapter. A simple method for rendering striae visible in a block of 
glass immersed in a liquid of the same refringence is to examine the 
block against a background 6 feet away, consisting of a lattice work 
or a sheet iron plate, in which a series of rows of half-inch holes have 
been drilled, placed directly in front of a frosted or opal sheet of 
glass illuminated from behind by an electric light. In the half 
shadows of. the field illuminated in this manner striae stand out dis- 
tinctly as faint shadows or lines of light. 

A second, more sensitive method was also used at Pittsburgh and 
was developed especially by Mr. W. H. Taylor, of the Bureau of 
Standards. In place of white light, monochromatic light obtained 
by prismatic refraction (carbonbisulphide dispersion prism with 
collimator and telescope) was used; it enabled the observer, by 
proper shift of the spectral color, to obtain a very accurate match 
in refractive index between the liquid and the immersed block, thus 
causing the surface markings of the block to disappear altogether and 
hence rendering the field illumination uniform in the case of glass 
free from striae. Lenses are used in this method to render the 
transmitted rays parallel and thus to increase its sensitiveness. 

The refractive liquid tank, as developed at the plant of the Pitts- 
burgh Plate Glass Co , is made of a piece of iron plate one-eighth to 
one-fourth inch thick and bent into a flat-bottom U-shape; this forms 
the bottom and two of the sides of the tank. The two remaining 
parallel sides are of plate glass cemented to the iron plate by a mix- 
ture of glue and plaster of Paris, or of lime and zinc oxides in sodium 
silicate. Tanks of different sizes are useful. The blocks of glass 
are held on a simple wire holder and immersed with it into the 
refractive liquid. The refractive liquid tank is kept covered as 
much as possible in order to prevent losses by evaporation and to 
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each piece of glass examined. The carbonbisulphide volatilizes com- 
pletely, loaves no film, and is ideal in this respect. 

A simple method for adjusting the refractive index of the liquid 
mixture to that of an immersed glass fragment is to sight through 
any wedge-shaped (prismatic) edge of the piece of glass toward a 
narrow slit of light, siich as a single filament of an electric bulb. 
Compare the position of the light filament when observed through 
glass and liquid and then through the liquid alone. In case, on 
int(U‘posing the glass fragment, the filament appears to move toward 
the thick end of the wedge-shaped glass piece, the index of the liquid 
i.s 1,00 low, and vice versa. If the liquid and glass prism have the same 
refra(vtiv(^ index for the central part of the spectrum (yellow to green) 
tluM’c^ is no appreciable shift of the filament on insertion of the glass 
fragUKUit in the path of light. If viewed under oblique illumination 
under thc^ conditions of equal rrvfractivity for yellow light the edges 
of the gla.ss fragmcmts show rod and blue and purple colors. 

This method of liquid inspection has many features in its favor and 
wa.s oporalKul successfully at the Pittsburgh Plate Glass Co. ; but at the 
Bauscdi Su Lomb {)lant, in spite of the most improved system of venti- 
lation and spcHMal booths for the purpose, the workmen refused to 
use tile method after a few days trial. In case a suitable high 
refrac'.ting licpiid were available which is not poisonous and evil- 
Hmc'.lling, the nudhod would be adopted in all glass plants and much 
labor and (expense th(‘r<d)y saved. The immersion method is useful 
for (,1 h^ rai)id (l(d,ermination of tile refractive indexes of glass samples 
and is valuahb^ in s(q)arating plates or fragments of different glasses 
which may liave biM'ii mixed through error. 

From oinv-tiiird to onc'.-half of tiie pot glass is commonly discarded 
as ('nll(^t. or is lost, by l,he hnaikiiig and trimming operations pre- 
paratory to flattening. 

THE MOLDING AND I’ltKaSING OfERATIONa. 

'I'lu* t riimiK^cl, but still irregular, blocks are now flattened into place 
of diffcrcMit, t,hi{hnesses either by molding or by pressing. In 
Muropc'an practice has always l)oen to mold the glass, but in this 
(‘.ounl ry t,lie pressing method was largely used during the war. Expe- 
ri(m<'<* with l>ot,h met,h()dH indicates that for small blocks of glass the 
pressing nn^lhod is ()referal)le to the molding method, but that for 
large l)loeks or t,hi(;k plates the latter is superior and that less glass 
is wasted ))y this mcd.hod than by tlie pre.saing method. 

The prei^sin/f p/aaic.w.-— The prepared bloe.ks are put into a preheat- 
ing kiln and are slowly lieated over night to 450° to 500 C., depend- 
ing on th(‘ kind of glass. They ar(‘. tlicn placed as needed into the 
imillle, which is heated by a ga.s-air blast playing from a side entrance 
over till', arch of the mufllc. Heat radiates from the crown of the 
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muffle to the base plate on which the pieces of glass rest. Soon the 
glass begins to soften and the operator prevents it from sticking to 
the base plate by moving it along and by spreading over the slab a 
mixture of some refractory powder, such as clay and mica, or alumina, or 
diatomaceous earth or talc or fine graphite or a mixture of these; the 
fine powder sticks to the glass like flour to molasses taffy or to dough 
and shields it from the plate. The base plate itseK is generally made 
of fire clay, but it may be of porcelain or of fused silica with a little less 
binding, material, in which case practically no additional powder is 
required. Specially prepared plates of graphite, mica, and clay are also 
employed. The object desired is to prevent the molten glass from 
sticking and at the same time to avoid, so far as possible, a heavy coat 
of powder over the glass surface, which on pressing may be infolded 
and produce feathers, laps, and folds. For some purposes it is ad- 
vantageous to heat the base-plate from beneath in order to avoid a 
one-sided heating of the glass pieces. Heating by radiation from the 
crown of the muffle liquefies the upper part of the glass block so that 
it flows down and spreads out beyond the cooler bottom resting on the 
base plate. 

As the glass becomes softer the operator paddles it into shape with 
iron rods, flattened at the ends, and may thereby in certain pieces 
infold some of the dust-covered surfaces into the glass mass. The 
operator endeavors to shape the glass pieces so that they fit into the 
press mold properly. As soon as the glass has attained the proper 
shape and temperature (750° to 900° C.) it is transferred to a pre- 
heated iron mold and then placed under the heated plunger of a foot 
or pneumatic or hydraulic press and flattened to the desired thickness 
(fig. 53). The flattening operation. takes less than a second; during 
this time the molten glass mass, which is of the consistency of thick 
tar, must flow under forced pressure; it does so somewhat after the 
manner of lava, in waves, the troughs of which are liable to be engulfed 
in the flowing mass and to appear, then as “pressing defects,” 
“feathers,” “folds,” “laps” in the finished glass plate. With care- 
less manipulation a very large percentage of all glass can be rendered 
useless during this operation. In place of a mechanical press, the work- 
man may shape the glass block to proper size by use of the iron paddles 
alone. This is, of course, a slow operation, but there is less danger 
from defects with this method. The rapid action of the plunger of 
the press is necessary because the outer surface of the glass block 
chills rapidly in the open air and becomes so stiff that soon the block 
can no longer be pressed into shape. 

If the iron mold or plunger is not hot enough, the surface of the 
pressed plate is chilled too rapidly and becomes filled with fine 
transverse cracks ; in the case of a cold mold the crackling may be so 
pronounced that it resembles the “craze” of ornamental glassware* 
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of <iiff(',ro.nt sizes it is dosed on the sides and at one end only. A 
pUnijjjor from the other end fits nicely into the mold and slides into it 
just aft,(U’ the vertie.al plunger acts and presses the glass into square 
ends, 'This operation enables the operator to obtain plates of con- 



Mi , ., 1 . Hl.ii’k of KliiH.'i In nioltlundrciuly t.o b« prosHotl luU) pluU'. by pliinKor of hydraulic press. 
( I'liolonniidi by .1. Harper Snapp at plant of llauach & Lomb Optical Co.) 


siiml I hickness and widlJi lull, of variable length; the side plunger 
intrndnccs, Imvvevcr, further infolding of the molten glass and may 
,„.,.asion s,.rious loss if not hamlled properly. In many cases it is 
hetlcr Hid to use the side plunger, even though the ends of the plate 
,1„ not. Ilien coin.' ou(, sipuire. The advantage of the pressing process 
is Ilia I i.lales of uniform thickness and width are obtained; its chief 
defect is I lie loss of glass occasioned by pressing defects. An advan- 
lagCr the pressing process is that the number of the pot, the refrac- 




tive index and i^-value, and other desired information may be im* 
printed on the block during the pressing operation. 

A plan to avoid the danger from pressing defects and yet to retain 
the advantages of the pressing method was proposed by Capt. H. C. 
Fry, jr. and put to practical test on a small scale at the optical- 
glass plant of the Bureau of Standards in Pittsburgh! His method 
is essentially an adaptation of the method, used in ordinary glass 
factories, of gathering the desired amount of molten glass on the end 
of an iron rod (punty) and transferring it then to the press. In the 
case of optical glass a block of glass is first slowly heated up to near the 
softening point and is then stuck at one end to a bleb of molten glass 
•of the same kind at the end of a punty; on the punty it is heated and 
reheated carefully in the direct flames of a glory hole and is paddled 
with proper shaping tools from time to time to approximately the 
desired shape. The actual pressing operation does not then involve 
much deformation of the glass mass and the danger of infolding is 
thus reduced to a minimum. Plates, prisms, and lenses pressed by 
this method have clean surfaces like the glassware produced in ordi- 
nary glass factories and are free from feathers. Compared with the 
ordinary method, this method is much slower and only an actual 
factory test can demonstrate whether its advantages of better quality 
of product outweigh the disadvantage of greatly decreased rate of 
output. 

The molding process . — In this method the irregular pieces of glass 
are taken as they come from the trimmer (practically in the shape 
as they are broken from the pot because trimming is less essential 
in the molding process than in the pressing process) and are placed 
in molds of proper sizes, which are then set at the cool end of a tunnel 
about 20 feet long, 2 feet wide, and 10 or 12 inches high, inside 
dimensions; the molds are pushed gradually, one behind the other, 
toward the hot muffle end of the furnace; about 6 feet from the hot 
end of the tunnel a clay partition or curtain extends to within 4 or 
5 inches of the floor and serves to confine the heat to a certain extent. 
The molds on reaching this part of the furnace have attained a temper- 
ature of 500° or 600° C. and may then be thrust into the hot muffle 
chamber where the temperature rises rapidly to 1,100° and even to 
1,200° C. This abrupt rise in temperature is valuable for several 
reasons; the heat in the muffle is derived from the heated arch by 
radiation; the glass is therefore heated largely from the top down. 
By melting down the glass from the top the liability to formation of 
bubbles is largely avoided; furthermore the glass is taken rapidly 
through the critical temperature range of devitiification with respect 
to any one of the components; within this range, precipitation may 
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occur cither as crystallization and the formation of a devitrified 
crust, which is very difficult to remove, or as a milky, colloidal develop- 
ment which is even more serious. In fact, by this process opalescent 
glass becomes in some instances clear and satisfactory for optical 
purposes. Once the molds enter the heated chamber the glass melts 
down rapidly. The molds are gradually pushed forward from the 
cool (Mid; the. hot molds are removed from the muffle «nd. 

'The time required for the entire process is about two and one-half 
hours; approximately 25 molds are kept in line; the output per 
(,unnel per day of 24 hours is from 400 to 500 molds. The molds are 
(.ransfiM'rcd to a cooling arch, where they are stacked and allowed to 
c.ool down slowly for several days. It would be a great improvement 
if the molding tunnel were heated electrically and made much longer 
so that the annealing of the molded plates could be accomplished in 
the saim^ tunnel, thus avoiding the necessity of transfer to an anneal- 
ing kiln or hdir. In this case careful regulation of the temperatures 
would be recpiired and also probably an automatic feed to carry the 
moulds through the tunnel at the prescribed rate. 

d'he tunnels arc simple in construction and can be built side by 
side, each offset, echelon fashion, to give room for the muffles. The 
wear on clay molds is severe; the life of a mold averages about three 
runs through the tunnel; cast-iron and other metal molds have been 
used with some success. The tempera.tures required in the muffle 
furnac.e vary with the typo of glass; the workman learns readily from 
th(* behavior of the glass in the molds to regulate the gas blast so that 
Mie optimum conditions for each typo of glass are obtained. 

4'hei molding tunmds may well be designed so as to have a curtain 
chamber Ix'yond the mufllc in which the molds can cool down to, say, 
tiOO*^’ ( /, or lowin' in th(^ ease of flint glasses ; the glass plates may then be 
dropp(Hl from the molds and transferred to the annealing kiln. At 
th(‘se temperatures neither the glass nor the molds are so brittle as at 
ordinary t.emperatures, and they can be handled roughly without 
dangiM' of breaking. The advantages of this procedure are obvious; 
the glas.s [>lat(‘.s in sliding into the cooling chamber are not tilted, and 
consiMpunit ly cool down on even keel; the removal of the mold from 
(hc! glass griMil-ly inc.reases the capacity of the annealing furnaiie. 
'riie daiigiM- of cracking in the molded glass plate, because of the dif- 
f(M'(‘nt rat{‘ of c.ontraction of the clay mold, is also eliminated by this 
opiM-ation. In the barium crown glasses cracking of plates cooled 
down in the: molds may Ix'. serious. In all work of this kind the an- 
uiMiling furnac.(‘. sliindd not be heated so hot that the inserted plates 


luMul out of shape. . , i i 

liofori' introduction into the tunnel the molds with glass blocks 
may be pr<‘heatcd by placing them above the molding tunnels, thus 
(‘Xjicditing <h(' ac.tual tunnel treatment. The chief difficulties and 
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losses in the molding process arise from the glass plates sticking to 
the molds ; in removing the glass plate either it is broken or the mold 
is broken, or both. To prevent the glass plates from sticking, the mold 
is lined with a slip consisting of mixtures of clay and mica or sand, or 
of alumma, talcum powder, graphite, or other refractory material. 
If the slip is too thick, some of the powder may be carried up into the 
molten glass. In the molding operations the best conditions of treat- 
ment for each type of glass are ascertained only by experience with 
each kind of mold in each type of tunnel. Porcelain molds have been 
found to be more satisfactory than the ordinary clay molds, which 
have a tendency to produce bubbles in the molded plates. 

Examinations of many hundreds of plates of molded glass, both 
foreign and domestic, proves that the molding process produces 
plates freer from defects than are pressed plates. It is therefore less 
wasteful of glass than the pressing process and is nearly as efficient 
and rapid, especially for larger plates; for small lens and prism blanks, 
the pressing method is obviously superior. 

The molding process is most valuable for the molding of large 
blocks from which large prisms can be sawed directly. The quality 
of the glass blocks can be approximately determined as they are 
taken from the pot; the molding process tends to confine existing 
defects; the pressing process tends, on the other hand, because of the 
rapid flow of glass, to cause existing striae to spread out into the, good 
glass and also to introduce infolded portions of the clay and dust 
between surfaces of the paddled piece of glass. 

One disadvantage of the molding process is the fact that by it 
the plates can not be automatically labeled with pot number etc. as 
they can by the pressing process. 

In both pressing and molding processes the workmen must be 
trained to the tasks and carefully supervised. Otherwise much good 
glass may be wasted as well as time and expense; 

THE ANNEALING OF MOLDED OR PRESSED PLATES. 

The general principles, on which methods for annealing optical 
glass are based, have already been stated in the section on the cooling 
down of pots of optical glass. These principles were known in 
part when we entered the war, but the details, especially the tem- 
perature to which each type of glass should be heated for annealing 
and also the time-temperature relations during the cooling of the 
several types of glass, had to be ascertained by actual experiment. 
Accordingly a simple arrangement was adopted which enabled us 
to observe the course of annealing at all stages of the process. (Fig. 
54.) Most of the experimental work was done in a small, gas- 



plaiU'-polariztMl was obtained by reflection of rays from an in- 
tense lifrlit source by a plane polished plate of opaque glass mounted 
at. tlu' pro{)('.r polarizing angle; this beam of polarized light traversed 
the glass plates in the furnace in a horizontal direction and was ana- 
lyz('(l by nuMuis of a nicol prism and a sensitive tint plate held outside 
and in front- of the furnace, the end openings in the furnace being 
prof (‘c t('( I by thin glass windows. By means of this simple arrangement 
t-lus ('xuct sta.te of strain in a plate in the furnace could be ascertained 
at. any time and its temperature measured by means of a thermo- 
(dc'UK'nt, and a milli voltmeter or a potentiometer system. Series of 
strain- t(Mup('ra,ture~time measurements on plates of the several 
ditV(M'(ud. types of glass were made and from these practical annealing 
sch('dub's W(U'<s worked out which proved satisfactory in practice. 
In point, of actual t-ime ex{)ended and of difficulties encountered the 
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general factory problem of annealing proved to be one of the easiest 
Vo ••..Ivc aiul to put into routine practice. From a theoretical view- 
p,.in( it is, liowfvvcr, an exc.cedingly complex problem and many of 
(lo‘ fnc.ors involvt'd an‘. iiiadequa'toly known oven at the present 
tinu*. A brit'f summary of tiio problem will serve to indicate some 


of tlu' ditlicultic's which it presents. 

.\t high t (‘injx'i'at.ures glass is a mobile liquid; at room-tempera- 
imv It is practically an elastic, solid. On cooling from a high tem- 
{HTal lire flic fluidity of molten glass decreases with fall in temperature 
until its Icndi'ucy lo flow, in the ordinary sense of the word, ceases; 
tlu. luiuiil gradually (oiigeals, as it wore, and passes from a viscous 
|„„lv t.. ,1 body; with sbUl further decrease of 

1.. mt„-iiiliii-c tlic cliisUc ([ualituB begin to dominate until at room- 

1.. , ‘ 1 ,„|, liuh- evidonco of plasticity or viscosity remains, 

'riii-s ims-siigc from the ono condition to the other is a continuous 
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process except for a small temperature interval just below the soften- 
ing region at which the glass begins to flow; in this temperature 
region there is a rapid rise in the expansion coefficient accompanied 
by a distinct heat effect (evolution of heat on cooling and heat 
absorption on heating). The temperature region of special impor- 
tance in glass annealing has for its upper limit that temperature at 
which glass is just able to support deformational loads, and hence 
internal stresses, for appreciable periods of time; from this tempera- 
ture down to room-temperature the behaviour of glass is interesting 
to follow. 

Twyman and others have shown that for the first 100° or 200° C. 
below the softening temperature (the annealing range) the viscosity 

is doubled with each drop of about 8° C. in temperature, or M= K.2\ 
in which M is the measure of the rate of deformation at a given 
temperature, is a constant depending on the kind of glass, and d the 
temperature. If glass were a perfectly elastic body, Hooke's law, 
that the stress is proportional to the strain, would apply, ov S = E B in 
which S is the stress, B the strain, and E the modulus of elasticity. 
The change of stress with time C would be accordingly proportional 
to the change of strain with time or dSIdt = E dB/dt. At the higher 
temperatures glass is not perfectly elastic and internal stresses, set 
up by initial strains, are gradually relieved by flow. The simplest 
assumption, made first by Maxwell is that the rate of relief at a 
given temperature varies with the stress and the kind of glass or 
dSldt = E-dBldt- SIT in which T is a constant, the “time of relaxa- 
tion” as designated by Maxwell. If the strain B is constant, as it 
is in the case of a body under deformational load at constant tem- 
perature, or if it changes only slightly with time, we may write as a 
first approximation 

dS/dt - - or .V,. - Sj>. ~ r ' 

an equation which represents the course followed in the release of the 
inner stress; S^ is the initial stress; the stress after the time t. 
If on the other hand the stress, S, is constant, as it is in the case of 
a glass rod under compression or tension, then S = E- T-dB/dt. By 
measuring the rate at which the glas.s rod is deformed with time for 
a given load S we can compute the time of relaxation T; this is the 
time, according to Twyman, re([uired for annealing the block of 
glass stressed to the given amount and held at the given temperature. 
Twyman states that his experimental results corroborate the above 
assumption suggested tentatively by Maxwell. Adams and William- 

’“Tool and Valasek, Bureau of Standards, Paper No. MS, 1919; Peters and Cragoe, Jour. Opt. See 
America, IV, 105-144, 1920. 

” Phil. Mag. (4), 84, 129, 1868. 



Hon, on tlio other hand, state that their more recent data indicate 
t hat the relief of stress by flow at a given temperature is proportional 
not. to the stress but to the square of the stress or 

dSldT=E-dBldt-S^IT 

from which we derive for a constant load {dSldt = 0), 

S^=T-E-dBldt) 

and for constant strain idB(dt = 0)j 


dS jdt 


~~r 



1 t 


S~ T' 


In 11112 Zschiiumer and Schulz earned out a series of experiments 
oi\ th(^ amount, of strain introduced on the rapid cooling of blocks of 
glass from different temperatures and found that the effect of tem- 
l>(^nil.ur(‘, within the annealing range on the total amount of strain 
]vroduced is represented by the empirical equation 


in whicdi aV,,, and C are constants, S, the strain, and B the tem- 
p«‘rature from which the glass was chilled. These results of Zschim- 
tiu'r and Schulz arc-i not, however, directly applicable to the above 
problcun and will not be considered further. 

'riic' c.oe.dich'ut of expansion is practically linear up to a tempera- 
ture not far below the softening temperature. (Table 10, p. 153.) 
Thc^ t.(‘in[)('rature distribution in solids of different shapes and sizes 
during luMiting or e.ooUng has been investigated repeatedly, espe- 
cdnllv from, a matlunuatical standpoint; and recently Williamson ^nd 
•Vdams have, considered the subject with special reference to glass 
bodies luMited either linearly or with the surfaces held at a definite 
t (unperut urc'. 1 ii tlu^ study of strained glass samples optical methods 
arc' t'spcciidlv' usedul and are hascal on the rolation first discovered by 
Brc'wstc'i' ( hat in a glass block under load the optical effect produced 
t htrcfringtmc.cs or optic.al path dilforeuce per centimeter glass-path) 
vHi ics direct.ly as thc^ load; in other words, the stress is proportional 
to the birefring('nc.<^ ami the chsorved changes in birefringence may 
serv.' as mc'asurc's of the relative changes in the stresses. The rela- 
tions bidwcHHi bircvfringcmcci and stress in various types of glass are 
listed in 'Fable 11, as detcu'mined by Pockels and Adams and Wil- 
liniuson. Mathc'uudhial analysis of the strains and stresses in solids 
dm- to temperature gradients was first given by F. Hopkmson and 
ivc.eutly has bc-c-n pie.scvuted by Williamson with special reference to 

oT)t icul glass solids of simple shape. 

With these*, redatious in mind lot us follow the changes m a bloc 
of ghms roughly spherical in .shape and initially heated to a uniform 

«.. /..io f I no r .n.e<nt...knuao. !ia, a)l2-. SprecM. 47, 460-478, 1914; Ann. d. Phys. (4). 42, 345-396, 


temperature slightly below its softening temperature as it cools down 

to room temperature. The glass adjacent to the surface cools at first 
more quickly than the interior, and in so doing contracts and tends 
to squeeze the center thereby setting up stresses of radial compression 
throughout the mass. As the temperature gradient increases on 
further cooling of the glass 


mass the amount of stress 
introduced increases through- 
out the mass. 

If given sufficient time, the 
temperature gradients or the 
differences in temperature 
between the center and dif- 
ferent points along a radius 
approach a steady state as 
indicated in (fig- 55) and if 
the cooling were to continue 
as linear cooling this tem- 
perature gradient would per- 
sist. The strains, thus set 
up on cooling, produce stress- 
es in the glass mass which at 
the higher temperatures are 
in large measure relieved by 
actual internal flow. If the 
cooling were to proceed with 
sufficient slowness, the entire 
stress at any high tempera- 
ture could be relieved. If the 
normal temperature gradient 
were established at a suffi- 
ciently high temperature, all 
stresses would be relieved by 
flow, and if this temperature 
gradient were maintained un- 
til the surface of the mass 
reached room temperature no 
stress would be present at 
that instant. From here on 
however, strain would be 
introduced rapidly, because of the cooling of the center and its con- 
sequent contraction and tendency to pull away from the outer shell, 
thus setting up stresse of radial tension, and accompanying tangential 
compressive stresses near the periphery; toward the center these 
tangential stresses decrease, become zero, and pass into tangential 
tensional stresses which at the center are equal to the radial stresses. 



Fia. 5.'>.— Curves representing the torapernturo distribu- 
tion in a sphere of glass of unit radius cooling at a 
linear rate from 500° C. to 0° C. The zero abscissa 
represents the center of the sphere. 



In gniHn'til the rate of cooling is not linear nor is all the stress 
ieh(W(‘<l l)y How, Obviously less stress is introduced and more exist- 
ing s(.r(‘ss is relieved by How the more slowly the glass mass is cooled. 

I h(' r<‘sult is that the temperature gradient becomes a maximum and 
(lien (l<‘c.reaHos with further cooling until it disappears at room tem- 
peralures. While, the temperature gradient during this process is 
incn'using t h<^ outside is c.ooling faster than the center and introducing 
h( r('ss(‘s of radial compression. These are in part relieved by flow, so 
(hnl (he o})(,ical eirec.t observed is not so great as it would be for a 
t('mp(‘ratur(' interval of e.cpial amount in a glass mass in which the 
s( r('ss had beem maintained at its full value. On further cooling the 
t('mj)t‘ra( ure gradituit is reversed and the center begins to cool more 
rapidly than (.lu^ p{>riphe.ry, thus neutralizing the stresses introduced 
n( tlu' liiglKu* (.(‘mptu'atures. There is this difference, however, that 
th(‘ ra((' of r(dicf of st.rain at the low temperatures is exceedingly slow, 
HO (hat lit.th' if any of (he stresses introduced are relieved by internal 
flow. Tlu' result is (hat not only are the stresses which were intro- 
diUH'd at. tlu' high t.emperaturcs neutralized, but radial tensional 
s(ress(‘s a,r(' s('.(, up in amount equal to the algebraic sum of the two 
M(‘(s of str<'ss('s involved. The normal state of stress in a body at 
room ((‘nqx'rat ure is ace.ordii\gly that which results when the center 
has eoohal more rapidly than the outside. This view of the subject 
was iipf>areu(iy (irst emphasized by Twyman, and more recently by 
Williain.son and Adams. 

As a furtlu'i’ illustration let a block of glass be heated from room 
(('luperature to 100^ (h, a temperature at which stress is not relieved 
appreciably in a .short period i)f time. Lot the glass block be free 
from .strain at room temperature. On heating the glass, strain is 
iutroduc('d into it and can be readily measured by the polariscope. 
'I'hi.s strain rc'aelu's a, maximum and then begins to decrease and 
liiially di.su()p(MirH completely with the attainment of the uniform 
temperatun', 100 "L. On cooling, the reverse phenomena, can be 
obscin ctl. So long as the glass behaves as a strictly elastic body the 
ubov(' iH'lution.s hold true; but, if at any temperature part of the 
^.trcss is rclicv(‘d by visc.ous or plastic flow, the phenomena cease to be 
ravcr.sibh' and th('. statement is then to that extent incorrect. 

Ilfiving d(>t('rmin('(l the temperatures for the several types of glass 
at which s( rain is ridic.ved within a reasonable time and having ascer- 
tuincd (h(‘ t imes re(}uired at several diflhrent temperatures to reduce 
I he stress to a co.rtain limit the observer still requires data on: {a) 
'I'ln* limits t)f permissible strain in optical glass when used for different 
piirjxwf's; ll>) lh(‘ time- temperature rate of cooling in order that 
strains of appreciabh^ magnitude arc not introduced during the cool- 
ing p(>riod. For tlu‘ spee.ifle.atioii of permissible strain a large number 
of plates of optical glass of different types, made by Chance Bros., m 
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England, by Parra-Mantois in France, and by Schott and Genossen, 
in Germany, were examined in polarized light and the amount of 
maximum birefringence or the path difference per centimeter glass- 
path was measured in each piece. This examination showed that the 
maximum path difference for sodium light per centimeter glass-path 
rarely exceeded 30 millimicrons and was commonly not over 10 milli- 
microns. These values were characteristic of glass which before the 
war had been used for optical instruments of the most diverse kinds, 
such as range finders, telescopes, field glasses, microscopes, surveying 
instruments, and had proved satisfactory in actual use. The maxi- 
mum limit for permissible strain was accordingly arbitrarily set as 
that which produced a maximum path difference of 20 millimicrons 
in a plate when viewed through the edges. This corresponds to a 
path difference of 10 millimicrons per centimeter glass-path at the 
center of the plate or a birefringence, 0.000001. The methods for 
detecting and measuring these quantities are described in the next 
chapter. It was also stipulated that the strain distribution should 
be sensibly symmetrical in the plate and that local irregularities 
should not be present. 

For a determination of the time-temperature cooling rate the law 
of Twyman was available that the mobility of glass decreases loga- 
rithmatically with the temperature; also the statement by Twyman 
that his measurements corroborated the assumption made by Max- 
well, as a first approximation, that the time of relief of stress at a 
given temperature is proportional to the stress itself. 

By means of the arrangement described above for the study of 
strain in optical glasses (fig. 54) the temperatures at which the strain 
disappears very rapidly was found to be (heating rate 40° to 75° C. 
per hour) in borosilicate crown 590° C., in light barium crown 600° 
C., in ordinary crown 540° C., in light flint 500° C. At 550° C. the 
strain disappears from a plate of borosilicate crown in a few hours; 
at 510° C. over night; at 480 ° C., 24 hours are not sufficient for the 
removal of the strain. These and other measurements together with 
Twyman’s work enabled us to set up annealing schedules which pro- 
duced glass plates as well annealed as the best foreign glass. The 
annealing schedules were so arranged that, after insertion of the 
plates into the annealing kiln, it was held over night at a temperature 
such that by morning the entire glass charge would be at a uniform 
temperature and practically free from strain. This temperature 
was of course different for different glasses and was commonly 25° 
to 50° C. below the foregoing temperatures, at which the strain dis- 
appeared very rapidly. The furnace was then cooled down at an 
increasing rate in order to avoid the development of strain. The 
ideal type of time- temperature cooling curve for the annealing of 
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upward. The time-temperature curve of a cooling kiln may be 
made to approximate the proper annealing curve by proper regula- 
tion of the heat. More accurate and detailed data on the relaxation 
times (time required to reduce strain-birefringence of different types 
of glasses from 50- 10"'^ to 5 • 10'^ are given in Table 10 quoted on page 
153 from Adams and Williamson whose measurements are more recent 
and were made under accurately controlled laboratory conditions. 

Essential for the proper annealing of optical glass is the annealing 
furnace. Furnaces of the proper design may be heated either by gas 
or by electricity. The objec t to be attained in all designs is uniformity 
in temperature distribution throughout the entire space occupied by 
the glass. In the case of a gas-heated furnace this is attained by the 
use of long perforated gas pipes which serve as gas burners for the 
gas-air mixture and which extend the length of the furnace and are 
situated below the two breast walls. Commonly no flue or stack is 
used to conduct away the products of combustion. In case such 
flues are used they should be located at intervals in the arch of the 
kiln and be equipped with dampers so that the flow can be nicely 
regulated. Any design which sets up a draft in the furnace may 
introduce currents within the heating chamber and thus give rise to 
inequalities in temperature distribution. 

A reliable and accurate thei'moelement installation for the meas- 
urement of furnace temperatures is a second necessity. This con- 
sists of two parts; the thermoelement (base metal thermoelements 
answer the purpose well) in which an electromotive force is set up 
between the hot and cold junctions, the magnitude of this force 
depending on the temperature difference between the two ends; an 
instrument for the measurement of the electromotive forces thus set 
up; this may be either a potentiometer or a direct reader. Experi- 
ence proved that the potentiometer type of instrument is preferable 
to the direct reader (millivoltmctor) . Because the temperature dif- 
ference depends directly on the tenfq)eraturo of the cold junction as 
well. as on that of the hot junction, it is essential that the temperature 
of the cold junction be kept as nearly constant as possible. A 
practical method to insure this constancy is to bury the cold junc- 
tion 8 or 10 feet under ground and at some distance from the annealing 
furnace. 

It is also essential that the thermoelements be tested frequently 
(at least once a month and as a routine job) and the correctness of 
their readings ascertained. For this purpose additional thermoele- 
ments should be kept on hand so that they may be substituted for 
thermoelements under test, thus insuring continued operation of the 
annealing furnaces. A convenient standard temperature for ref- 
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the arch of the furnace and to allow it to extend well into the heating 
chamber. 

A record should be kept of the quality of the annealing of each lot 
of glass. The glass may for the purpose be divided into the following 
classes: 

Class 1. Annealing excellent. Maximum strain-birefringence less 
than 5- 10’^ or 5 millhnicrons per centimeter glass path. 

Class 2. Annealing good. Maximum strain-birefringence betweent 
5 -.10'^ to 12 -10*^ 

Class 3. Annealing fair. Maximum strain-birefringence between 
12- 10"'^ and 20 and symmetrically distributed. 

Class 4. Annealing poor. Strain-birefringence greater than 20* 10'^ 
or, if less, then not symmetrically distributed. 

The following records of annealing at the Bausch & Lomb plant, 
supervised by G. W. Morey on January 15, 1918, in routine factory 
Joins, each with a capacity of more than a ton of glass in pressed 
plates arranged in the furnace so as to allow some circulation of 
air, may be of interest. The furnace schedule in the case of the 
borosilicate was the following: Temperature during filling-in period 
from 1.40 p. m. to 4.10 p. m. 565° C. (1,050° F.). Temperature 
maintained at 565° C. (1,050° F.) until midnight, then slowly 
dropped to 524° C. (975° F.) at 8.30 a. m., to 432° C. (810° F-,) at 
1.30 p. m. Gas was then turned off and furnace allowed to cool 
down. Glass removed the following day. Of the 694 plates exam- 
ined in this lot 82.5 per cent were in class 1, 9.5 per cent in class 2, 
7.7 per cent in class 3, and 0.3 per cent in class 4. In another lot of 
1,019 plates annealed at different times and of different kinds of 
glass, ranging from 9 millimeters to 30 millimeters thickness, 93.5 
per cent were in class 1; 4.4 per cent in class 2; 1.3 per cent in class 
3, and 0.8 per cent in class 4. It is difficult to avoid a certain num- 
ber of poorly annealed plates; these may have rested next to the 
bottom of the kiln or been near the front and chilled by air currents. 

Annealing schedules for various Tcinds of glass . — In a recent publi- 
cation on the annealing of glass, Adams and Williamson®^ present in 
tabular form annealing schedules for glass slabs of different types 
and thicknesses. These schedules are based on extended mathe- 
matical and experimental investigations and are the best available 
schedules at the present time. With slight modifications they can. 
be adjusted for other shaped pieces of glass, such as prisms, lenses, 
spheres, cylinders, etc. These schedules are listed in Table 14 
reproduced from the paper by Adams and Williamson. 
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throwih the edJs, not to ^\Vfai^zed light when the slab 

nteter glass- vritii. ' ptical path difference of 5 millimicrons 


the strain 
is viewed 
per tenlx- 


[Hdltl (hd Kliwd at the proper aimeallng temperature 


for the mdicated time and cool at the indicated 


rate.] 


Thickness. 


Kind of glass. 


Annealing temperatures, degrees centigrade. 





1 cm. 

2 cm. 

a cm. 

10 cm. 

20 cm. 

Hiiriwltlciilo crown 





515 



wfalimrv (Town. . . 



495 

475 

nigld liiUliiui crown. . . . 


514 

487 

466 

445 

Ocn.'ii' liiirlmu crown 



527 

508 

489 

liRrlnm (Un( 


592 

572 

556 

540 

MkIK flint . 



486 

454 

423 

Medium (lint, 



384 

366 

348 

nincic (lint . 



397 

382 

366 

KxUtt denw Hint. 




370 

353 

. - - 



357 

339 

321 


Annealing times.— Cooling rates, degrees centigrade per hour. 


Initial lain 

UatH aftiir 10" 

Kate aft(«r ’iO" 

Halil aflt'r JiO" 

Rate after -lO" 

Raid tif((‘r '(0" 

Rain aftnr 00" 

Rain aftnr 70". . 

Uatn aftnr Ml" 

Rato aftnr 00". 

Uatn aftnr 100" 

Masiumm cooling rate. 
Matlimmi linutlng rate 


.50 

minutes. 

3i 

hours. 

21 

hours. 

86 

hours. 

14 days. 

96 

24 

3.8 

1.0 

0.2 

116 

29 

4.6 

1.2 

.3 

144 

36 

.5.8 

1.4 

.4 

184 

46 

7.4 

1.8 

.6 

240 

60 

9.6 

2.4 

.6 

319 

80 

13.0 

3.2 

.8 

432 

108 

17.0 

4.3 

1.1 

591 

148 

24.0 

5.9 

1.5 

816 

204 

33.0 

8.2 

2.0 

1, 131 

283 

55.0 

11.0 

2.8 

1. 584 

396 

63.0 

16.0 

4.0 

2, 400 

600 

96.0 

24.0 

6.0' 

7,200 

1,800 

28a 0 

72.0 

18.0 


AHhtnifjjh tint faclury annealing of plates of pressed lens blanks 
Hiul of priHiuH is nt)t dUUcult, yet it requires constant supervision with 
ri'fi'rent't' both it) the maiiitenaiico of the furnace temperatures and 
to the fnrnnce Hchedules for the type and sizes of blocks of glass under 
f ri'iit nH'iit.. Thti thicker tlie plate of glass the slower must be the 
initial ratf' of cooling frtun the annealing temperature. The permis- 
sible initial rate tif cooling decreases about as the square of the recip- 
rocal of ( lie thic.kiHw; for example, a satisfactory initial cooling rate for 
a plate of horosilie.ate c.rown 1 centimeter thick is 20° F. (11° C.) per 
hour ; for a, plate. 2 ('.(Altimeters thick, the proper initial rate would 
he about. r>'' F. (3° C.) per hour. 

In the eas(' of a U'hr the rate of annealing is of course much more 
rapid ; thus most of the flint glass in plates 9 millimeters thick and 
nl .o sftudl h'uses and field glass prisms were satisfactorily annealed 
during the war in a lehr in a period of 9 to 18 hours. Here again the 
temperature distribution and the rate of travel of the glass through 
the lehr r('(piin^s proper supervision and regulation to avoid abrupt 
ehauges in t.(unp('rature as well as air currents which may chill the 



ter removal from the annealing furnaces the plates are inspected, 
e rough, through the ends for quality of annealing and are then, 
to the grinding and polishing tables where they are made readv 
ritical inspection for striae, bubbles, stones, and pressing defects, 
this purpose the plates are ground either on the sides or on the 
or on both. European optical glass is shipped in plates 
nd on two opposite ends for inspection. A molded or pressed 
j of glass examined critically under these conditions and found 
i free from striae is probably free from any striae which would 
B trouble in an ordinary optical lens system. If, however, striae 
)bserved, either the plate should be discarded as a whole or the 
ted portions should be trimmed o^; but in performing this 
ation much good glass may be lost because the exact positions of 
triae in the plate are not easy to determine under the conditions of 
Fvation. The plate may be rotated about different axes and the 
ion of a stria approximately located and then trimmed off; but 
' this has been done reinspection of the plate is possible only with 
lid of an immersion liquid. 

le grinding and polishing of the plates on the sides (flats) , on the 
r hand, enables the inspector to mark the striated or otherwise 
itable portions plainly during the inspection; these can then be 
ily trimmed off and discarded so that the remainder of the plate is 
•st quality glass; such a plate can moreover always be reinspected 
itly, becatise the trimming away of a striated portion does not 
roy the remainder of the plane surfaces. It is true, on the gen- 
law of probability, that inspection through the ends of a glass 
i enables the observer to detect fine striae more readily than 
iigh the flats chiefly because of the much longer glass path exam- 
by the first method; but the available methods of inspection are 
jiently sensitive in general to inhibit the release of much striated 
1 by a good irtspeotor. To be thoroughly satisfactory the glass 
5s should be inspected both through the ends and also the flats, 
is evident when plates of rolled or plate glass are inspected for 
e; such plates, examined through the fiats, appear to be free 
: striae, but when viewed through the ends, they are seen to be 
L with bands of striae or ream running parallel with the flat 
ices of the rolled sheet. 

le polishing of pressed or molded plates on the ends represents 
eat saving of time and expense and also of the glass itself as 
pared with polishing on the flats. In general it may be stated 
for glass relatively free from striae polishing on the ends is to 
Bcommended. If, however, striae are abundant and it is desired 
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to eliminate these by trimming, the plates should be ground and 
polished on. the flats. In case Rinas of the highest. <|imli(..v is ilesired 
the plateg should ho polished hoth on the lints and <ni at least Iwtt 
opposite ends. 

The grinding and polishing of the plat('s is not* a inattc'i of nuieh 
difficulty. Ordinary factory methods for grinding and polishing arc' 
employed (figs. 50* and 57), an clTort being made to arrange the 
machines and the operations in such order that a liugc' ((uautity of 
glass can be handled expeditiously and (‘lu'aply. Polishing <m b'lt* 
is sufficiently good for the purpose aud is much mor<‘ rafiid than 
polishing on pitch. In the case of pressc'd phitos to hc' pctlislu'd on 
the ends, the hloc'king of the plnies may 1 h‘ done by the usi' of clamps 
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J. Ilftrppr Htittiiji ul plmil (if .Sjii'iiicf l,i'n->{ ii i 


wbich hold the plates in position betwei'n pi('<*es of b'lt and without 
the aid of pitch or plaster of paris; much time and expense are saved 
thereby. 

War-time ejcporience showed that, in tlu' enH«‘ of rolled glass, in- 
spection was poBsihle for ordinary recpiiremeuts through the fairly 
smooth fracture surfaces obtained by cutting tlu' .shci'i of ghisH into 
squares by means of a glazic'r's diamond or a ghi.ss eutter'.s wheel. 
In this case the strije or ream an' all arranged in parallel sheets and 
are readily dete(‘,te,d. 

The plates after polishing are thoroughly washed and elenued in 
hot alkali and soap Hohitions and are then ready for critical inspec- 
tion. In case no defects are then found in a givc'ti plate it is a tiniHlu'd 
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product., HO far as the optical glass plant is concerned, and is ready for 
shipinciit to the mak('r of huiscs and prisms for optical instruments. 

In case the insjx'ction reveals the prescMice of defects, such as 
stria', bubbles, stones, pressing feathers or folds, or other defects in 
a plat(^ it is rc'jected and rctiirned to tlie trimmers for elimination 
of the HOurc(‘s of troubh'. vStriated portions are trimmed off, pressing 
(h'fects are trimmed and ground off, ('.itlu'r by the use of special 
grinding tools or by a sand-blast. The fragments of good glass -still 
remaining, if suffici('ntly larg<‘, are reprt'ssed, regroimd, and re- 
insjx'ctcd ; if only in small fragments tlu'y are either discarded or 
reserved for use ii\ s('cond-grade optical lens systems, especially 
cheap photographic. l('ns('s. 
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tically perfect appreciable percentage losses would result from the 
breaking up of the pot and from the several trimming operations, 
especially in preparing the glass for molding or pressing into plates. 
Many of the fragments obtained on breaking down a pot of glass are 
small and of irregular shape and therefore useless. 

Although in actual factory routine the percentage losses caused 
by any given operation differ from pot to pot and from one type of 
glass to another, the following general percentage losses may be 
expected: 

(а) Preparing raw pot glass for pressing or molding into platc*s, 
from 30 to 60 per cent. 

(б) Molding or pressing operations, from 3 to f» per cent. 

(c) Grinding and polishing of pressed plates on flat sides, from 
6 to 10 per cent. Grinding and polishing on ends of molded plates, 
from 1 to 6 per cent. 

id) Trimming of plates polished on the flats, from 10 to 15 per 
cent. 

In the further preparation of inspected plates as material for lens 
and prism blanks which are trimmed to pieces of exact weight, there 
is a loss of 20 to 26 per cent of the weight of the platc^i or of 8 to 
10 per cent of the original weight. In the lens and prism pressing 
operations a loss of about 10 per cent in the weight of glass plates or 
of 3 to 6 per cent of the weight of the original raw glass may occur. 

At one of the factories a yield of 20.5 per cent of glass in the shape 
of lens and prism blanks was obtained over a considerable period of 
time. The yield in the form of inspected pressed and pi^lished plates 
varied- with the different types of glasses, but ranged between 20 and 
50 per cent. 

SUMMAET. 

In this chapter the effort has been made to dwcribe in a general 
way the processes involved in the manufacture of optical glass. The 
outstanding feature of these processes is not their intricacy or de- 
pendency on special apparatus of unusual or extreme characteristics, 
but their relative simplicity and dependency on accurate control, 
especially along chemical and thermal line*. Raw batch materials 
of high chemical purity, optical pots of high thermal and chemical 
resistance, accurate thermal regulation of the melting and annealing 
furnaces, and careful attention to schedules as part of the ordinary 
daily routine are necessary and essential to succ^ in the manufac- 
ture of optical glass which has to meet the exacting recjiiirements of 
high precision in so many respects. Tliere is nothing secret iir mys- 
terious in its manufacture; but the organiigation which fails to appre- 
ciate the significance of high precision and of adetiuate scientific con- 
trol and regulation can not expect to produce optical glass of uni- 
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formly high quality. This statement is emphasized because one of the 
greatest sources of trouble in the development of the war-time manu- 
facture of optical glass on a large scale was the lack of appreciation 
on the part of certain manufacturers of this fundamental fact, and 
hence their lack of effective cooperation; this, together with a lack 
of trained personnel, both in the factories and in the inspection and 
other branches of the Army and Navy, added much to the difficulties 
of the situation during 1917 and the first half of 1918. During this 
time, moreover, no information or assistance of any kind waff forth- 
coming from Europe. Fortunately, however, the difficulties were 
overcome, slowly at first and then more rapidly, so that by the end 
of 1917 no serious apprehension existed in the mindff of the men 
actually engaged on the tasks regarding the final outcome, nor of our 
ability to meet all the demands of the military forces in the field. 



Chapter IV. 

THE INSPECTION OF OPTICAL GLASS. 


Inspection has only one purpose wherever employed, nanudy, to 
eliminate the bad from the good and to grade the objects inspected 
into classes of different degrees of merit. In the manufacture of 
optical glass proper inspection is essential, and may not be neglet’ted. 
In the absence of inspection, material of poor (piality may continue on 
through many expensive and painstaking operations, all of which are 
then wasted, because eventual rejection is inevitahl(^. 1'bis means 
financial loss; vice versa, the use of best-tjuality matt‘rial for inferior 
and cheap instruments serves no purpose. This again nuums finan- 
cial loss. In the case of optical gloss this is {‘specially triu' because 
of the many different usc^s to which the glass is put. In high-precision 
measuring instruments, such as military fiiv-control instrunn'iits and 
microscopes, the best quality glass is necc'ssary; in low-power instru- 
ments, such as field glasses, which serve chiefly as an aid fo vision, 
the tolerance limits are not so narrow, and h‘ss good gla.s.s may las 
employed; a still lower grade of ghuss serves the purpose' adt'ciuately 
in cheap photographic lenses. Wherev('r the cost of manufactun* is 
high, inefficient and inadequate inspt'etion metluals mean lit\an(‘ial 
loss and a serious wastage and misuse of mattudal. Propcu’ inspec- 
tion by intelligent observers is an expensive f)roc('SH; but irii moth'rn 
business effort such methods have been found by e.\:p(‘ri{*n(M‘ to pay 
manyfold, because tlK^y reduce hissi's in tin* final pnaluct and enabh' 
proper control to bo established throughout tiie plant. 

Experience has demonstrat(*d that in a large organization the 
inspection department should be operated as a separate and {lintinct 
branch, each inspector to report and to be repcuwible to the chief 
of the inspection braneh and not to the f(*reman of the particular 
shop to which he or she may have Ix'C'ii assigned. TnlesH this is 
done, each foreman becomes practically llie judge of his owit prodtict 
without reference to the assembled instrument us a whole; the in- 
evitable result is then frequent trouble laUwecm the difTc'nmt manu- 
facturing departments, each department asserting ami maintaining 
that its standards are correct and adetjuate. Effc'ctive {wganizatitui 
prescribes that the responsibility for the inspection of the comp«ment 
parts and also of the assembhul instrument or article he huiged irt a 
single braneh or department which is in a pcjsitiott to estublirth, iii 
cooperation with the manufacturing departmentH, prtjper and nde- 
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quate tolerances for the several items in a given instrument and then 
to insist impartially upon the maintenance of the established toler- 
ances. 

The inspection of optical glass in molded, pressed, or rolled plates 
is an essential step in the manufacturing process, because by it the 
quality of the raw glass, which is used for the lenses and prisms of 
optical instruments, is definitely established and unsuitable glass is 
eliminated at the outset. The requirements, which optical glass 
has to meet, are stated in detail in Chapter II. These are, in brief, 
chemical and physical homogeneity, high transparency and freedom 
from color, durability, and definite optical constants. Homogeneity 
tests include inspection for bubbles, for stones and crystallization 
bodies, for pressing defects, such as feathers, folds, or laps, for strias, 
and for strain. Separate tests are made for chemical durability with 
reference especially to the behavior of the glass on long-continued 
exposure to air in different climates- These tests of chemical stability 
are necessarily of long duration and can be applied in general only to 
representative samples, not to each piece. The optical constants are 
measured commonly on a refractometer, and rarely by the immersion 
method. 

For purposes of inspection the glass is ordinarily furnished in plates 
and blocks which are ground and polished either on opposite sides 
(flats) or on opposite ends. Simple inspection of these plates under 
special conditions of illumination enables ' the observer to detect 
stones, bubbles, pressing defects, feathers, folds, and heavy striae 
and cords. For the detection of line striae and threads, more refined 
methods have to be employed. 


STRIDE. 

All methods for the detection of striae are based on the fact that 
striae are of different refractjvity (commonly lower) from the sur- 
rounding glass and, as a result, deflect the directions of transmitted 
rays of light. In actual inspection work the transmitted light rays 
are given very definite directions so that the slightest departure from 
the prescribed paths results in a local difference in intensity of field 
illumination, thus rendering the striae visible. The striae not. only 
deflect the light, but function also somewhat as a lens so that different 
sides of a given stria appear unequally bright, especially if observed 
under conditions of oblique illumination, as indicated in figs. 7c, 7g, 
and 58. In figure 58 the stria is represented in section as lens-shaped 
and the deflection of the light rays is shown in much exaggerated 
form; the inequality of illumination of opposite sides of a stria when 
obliquely incident rays traverse the field is the chief distinguishing 
feature of striae. A little practice enables the observer to distinguish 
between striae and scratches on the polished surface of the plate. 
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some cases the striao are not sharply defiruul and there is only a 
gradual change in refractivity between different parts of the plate. 
This gives rise to a disturbed, nonuniform, and even wavy illumina- 
tion of the field which suffices to render the glass unsuitable for high 
precision work, but still usable for lower-grade optical systemB. Poor 
annealing may also give rise to disturbed field illumination, especially 
near the edges of the plate- 

There are a number of different methods available for the detection 
of strife in optical glass. These may be divided into two general 
classes, namely, direct-vision methods and projection methods. 
Both types were used before the war, but not on a scale commen- 
surate with war-time needs and conditions. It was necessary, 
therefore, to investigate the several different methods with reference 
to sensitiveness, simplicity and speed of operation, effect on eyes of 
inspectors, and general practicability as routiiu' factt»ry methods. 
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Experience proved that conditions differed greatly in different 
plants, and that a method acceptable to the workman in one district 
was by no means etjually acceptable to the workman in another 
district. 

In the inspection of optical glass, especially for .striw', the iierscmal 
equation of the inspector plays an important rAIe, arul it is extremely 
diflicult to devise methods which insure that the Kami' standard 
quality of product is passed by different inspect «»ni or in*en by the 
same inspector at different Certain inspector, by virtue of 

^en eyesight and long training and experience in opticafwork. may 
detect at a glance fine strife in platen whirli pmn unnoticiHl by a Um 
smiled mapector. It is also true that in changing from on«* methcHl 
of inspection to another, or even from one instrument ft> another of 
similar construction, the inspector requirt^ a c-ertain amount of 
practice before his inspection himymm critical. It is. morwfver, 
well known that heavy Btrim may be prwent in a plate and yet 
escape detection if the plate is examined through one difeciitm only. 


For example, plates of rolled plate glass, which is not optical glass 
and is characterized by heavy ream when examined edgewise, 
appear to be free from striae when inspected through the “flats.'^’ 
On the other hand, j,t is possible, in the case of ribbon striae, that 
these can not be detected when the plate is examined edgewise, 
but they are then easily observed through the flats. The merits 
of the several different available methods are accordingly difiioult 
to appraise properly, and detailed study under factory conditions is 
necessary before a satisfactory decision can be made. 

Experience and nice discrimination are required to draw the line 
between glass of first quality, second quality, and ctillet. In Chapter 
II the effects of the presence of strisB in glass in the different types 
of optical instriunents are discussed in detail. In high-power instru- 
ments in which good resolution is required the strise which deflect, 
even slightly, an appreciable number of hght rays from their normal 
paths produce a noticeable effect on the resulting image and thereby 
seriously impair the efficiency of the instrument. For such instru- 
ments optical glass of the best quality is necessary and should be 
most carefully inspected for strise. For optical glass intended for 
low-power visual instruments, less critical inspection suflices. In 
time of war there is a constant tendency to favor quantity iu favor 
of quality; inspectors, Are inclined, as a result both of this attitude 
and of their inexperience, to pass much glass as fiirst class which, 
after having been worked up into high precision lenses and prisms, 
must be discarded; also carelessly to assign much first-quality glass 
to second-rate glass, 

. The different methods in common use for rendering visible fire 
strise in optical glass are illustrated in figures 59 to 64. 

DIRECT VISION METHODS. 

The modified Toefiler method . — One of the best methods for detect- 
ing striae is a modification of that employed many years ago by 
Toepler for the testing of astronomical objectives. This method is 
illustrated diagrammatically in figure 59, in which S is a source of 
light, such as a concentrated tungsten filament bulb, D a diffusion 
screen of finely ground glass or thin opal glass, A a pinhole or narrow 
cross slit aperture in the rear focus of the collimating achromatic 
lens, Zri (E. F. 30 to 75 centimeters and diameter 5 to 13 centimeters). 
The larger the diameter of the lens the better, as it furnishes a larger 
field. The plate to be inspected is placed at P; behind it is the 
achromatic field lens L 2 , which in the case of 5-inch condenser lenses 
of long focal length may be used in combination with a second 
similar lens to shorten the focal lengths to 30 or 40 centi- 
meters. At 5 is a movable pinhole aperture, or better, a cross 
slit, figure 59a, in the rear focal plane of the field lens. This is 
necessary because the surfaces on the plate may not be strictly 
parallel and therefore deflect and shift the light -slightly. The 
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cross slit aperture is held in place by a small spring or clip and 
can be shifted at will. In practice the eye is moved until the plate 
to be examined appears in half shadow ; in this position the striae are 
readily seen on tilting and moving the plate across the tiekl. Expe- 
rience has shown that ribbon striae parallel to the polished surface 
of the plate are not easily detected by this or any other method. 
Their presence is indicated by a disturbed illumination of the field, 
but no striae are seen as such. Plates polished on tlie sides enable 



Fio. 59.— Modified Toopler method for the Inapoetlon of opilfel glo -i (iIhIm .v Is tht» otnifi-t* of llRtit: I>, ft 
diffusing aoreeii; yl, a small pinhole aperture; /.i.an Bohromid le lens. /*, the plftte under ios»fiilimtioi(; 
an achromadc Iona: B the cross-silt opening illnslratod on ft larger seale In a««j, K, the eye of the olwwver. 


the observer to determine just where the striae arcs uiul thu.s to cut 
out and trim off the striated portions; plates polishcal on the ends 
enable the observer to detect the presence of striai' through a long 
glass path, but do not permit him to locate tlu^ I'xact fiosition of a 
stria with sufFicient exactness, so that the striated portion can 
be cut out from the plate without wasting good ghms. The ideal 
method is to have the glass polished hotli on the sides and ends. 
Glass plates and blocks submitted for linal inspection should he 



Fio. ao.— The knlfe-edgo method for the Inajwilou of In » pl«te of opthnil S, Is mmw of light. 

D, a ground glass diffusing disk; A , a pinhole aperture: nil tibjw'U ve lein. an tihJwO ve Iwia. /*. a 

plane parallel plate; X", a thin raetnl shield (knife-edge): X, ihe ol»rvw’!» eve 

polished at least on opposite ends. Felt polish is satisftudnry for 
inspection purposes. 

The arrangement in figure 59 may be modified as shown in figure (U) 
by using weli-corrceted objeetivea and placing the. plate hetweiui the 
roar lens and the eye, at which a knife edge or adjustable nlit In used. 
Experience with this method has proved that it is highly sensitive, 
but that a considerable amount of time is hmt hc*CHU.s(* of the shift 
of the focal point; furthermore, the field eoveretl is normally slightly 
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less than that obtained by the arrangement of figure 59; for prac- 
tical factory operations the first device is more rapid and therefore 
preferable. 

The concave-mirror test . — ^Another method to obtain rays of definite 
direction is to use a concave mirror, M, of 25 centimeters diameter 
and about 1 to 2 meters radius of curvature (fig. 61 ) ; to place near the 
center of curvature an illuminated pinhole aperture A and a second pin- 
hole or cross slit aperture near E, and through it to view the plate placed 
at P, as indicated in figure 61. As in the first method, the presence 
of striae is shown by lack of uniformity in field illumination. This 
method is very sensitive, but has the disadvantage that the plate 
under inspection is 5 or 6 feet away from the observer and can not 
be tilted or turned and thus readily marked for the trimming off of 
the striated portions. It may be used, of course, nearer the observer, 
but the field may not then be fully covered. The principle on which 
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Fig. 61 . — Concave mirror test for the inspection of striae in plates of optical glass. S is source of light; 
JD, ground glass diffusing disk; A , pinhole aperture; M, a concave mirror; P, plane parallel plate of glass: 
E, the observer’s eye. 


this method is based is identical with that underlying the Toepler 
method for the testing of the quality of figuring of an objective lens. 

The immersion method with monochromatic light . — This method was 
applied by Mr. W. H. Taylor, of the Bureau of Standards, at 
first to avoid the necessity of polishing plates for inspection. For 
this purpose the sides of the plates are ground flat. Each end is 
then covered with a thin film of a liquid of the same refractive index 
and this is in tprn covered with a flat plate. Because of the differ- 
ence in dispersion between liquid and optical glass plate a mono- 
chromatic illuminator of the type shown in figure 62 is used to facil- 
itate the exact match in refractive index between plate and liquid. 
Under these conditions the ground surfaces disappear entirely and 
the plate can be examined critically by any suitable method for 
striae. This method is, of course, not so » rapid as the ordinary 
methods, which require polished end or side surfaces, but it does 
avoid the polishing of the plates. 



INSPECTION OF OPTICAL GLASS. 


Taylor adopted later the immersion method for the examination 
of rough irregular chunks of glass and also of platen for striae; for 
the purpose he used the arrangements shown in figure 62.‘ The part 
JW is essentially a device for obtaining monocliromatic light, it can be 
rotated as a whole about the axis K and different prismatic colors are 
thus obtained. A monochromatic illuminator fumiahew the simplest 
means of matching exactly the refringence of immeraion licpiid to that 
of the immersed block of glass; the procedure for obtaining an exact 



Fio. 62.— Imniorslon method for itupecUon of ptatwi end irrenuUr frii«ttJ»iil8 of In monrehro. 

matlc light as developed by Mr. W. H. Taylor. .V is the aourre of light; f.i, a mvdeiiwr hm, A i, pinhole 
aperture; C, carbon sulfide dispersion prism; Af, the Ivoartl In whtrh the fwegtrtng opUjral are 
mounted; K, the axis about which Af (jan be rotated; /.», At, /«, (Hwidoiisw kttww. T, Utpad immer- 
sion tank; P, the plate or fragment of optical glass; At, At, 8lot>s; X. the olworver's eye 

match is first to adjust the liquid mixture until it« refractive index m 
equal to that of the immersed glass for some part of the visible 
spectrum and then to make the fine adjustment for exact match by 
means of the monochromatic illuminator. In figure 62, S is the Nourco 
of light, a concentrated tungsten filament (electric bulb) , L, . a condenser 
lens, Aj, a small pinhole aperture, L,, a collimator lens, (>, a carlMUi bisul- 
phide prism, Xg, a condenser lens, T, the immersion tank, fitted at oppo- 
site ends with parallel plates of plate glass and filled with the immewion 
liquid, X., and Xj, achromatic lenses, A/and Ag, small ajxirturw, K, theeye. 
In a later arrangement the lens, Xj, is placed nearer the api'rture B and 
the emergent rays are slightly convergent. This enablw the olwerYer 
to obtain approximately monoehromalic light without the careful cen- 
tering and adjustment required in the device of figure <12. The immer- 
sion liquids are mixtures of carbon bisulphide (rqi - L62HI and Iwuixol 
(%“ 1.501). In place of the carbon bisulphide, a-memohromnaph- 
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thalene (71 d = 1-658) or a-monochlornaphthalene (71 d = 1-633) may be 
used; a commercial name for the monochlornaphthalene is halowax 
oil. Carbon bisulphide is unpleasant to use because of its disagreeable 
odor and toxic properties. Monobromnaphthalene has also an 
unpleasant odor and does not volatilize as does carbon bisulphide, 
but remains as an oily film on the inspected glass surfaces. Both 



Fig. 63.— Simple projection methods for the inspection of optical glass for striae, (a) S is source of light; A ^ 
a small. circular opening; P, optical glass plate; C, projection screen.. (6) S is the source of iight; A, 
small aperture; D, diffusing disk; L, a dispersive lens; P, optical glass plate; C, the screen, (c) S is the 
point source nf light; P, the optical glass plate; C, a projection screen consisting of thin white or opal glass; 
E, the observer’s jye behind the screen. 

liquid mixtures are not satisfactory for factory purposes and the 
workmen object seriously to them. The fumes induce headaches 
and a feeling of debility, so that it is questionable if the quality of 
inspection by the immersion method can be maintained at a high 
level. At one of the plants the men after a thorough test refused to 
continue work with the immersion methods. At the plant at which 
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the method was adopted the men showed evidences of the toxic 
action of the bisulphide fumes and did not maintain a high standard 
of critical inspection. As a laboratory method, howewer, the method 
is useful especially for the rapid measurement of refractive indices 
and dispersions.* 

In the case of an accidental mixing of plates of several different 
types of glass, these are most readily sorted and separated by use 
of the immersion method. 

I>KOJEOTION METIlOim. 

In these methods the effects produced by the plate under inspec- 
tien on a uniformly illuminated field arc viewed directly or in a 
photograph. Several of these methods are lt»as critical than the 
foregoing, but still well suited for rapid, medium gradt' work. 

The methods illustrated in figures (VA a and b were in uh(' hcdoriH the 
war. In figure 63a an electric lamp is inclosed in a sheet-iron box 
with ventilating top. Light from a small hole or slit in the hox 
illuminates a sheet of drawing paper or oth(‘r even whit(' diffuse 
reflecting surface a foot or two distant. The opening in the hox is 
sufficiently large that the illuminated surface is surrounch'd by a fairly 
wide half-shaded edge. The rays illuminating tlu' penumbra or half 
shadow have fairly definite directions and if deviated slightly from 
their normal paths give rise to local unequalities in the illumination 
of the penumbra. Striae under these conditions are rt'ailily tletecleil, 
if heavy; and if light, can be seen after practh’e. If the plate be 
examined in the bright, norishaded part of (he field, tlu' light is not 
sufficiently unidirectional to disclose slight differeiuu^M of fii*hl illumi- 
nation, and 08 a result fine striae pass unnoticetl. 'rhis method is 
satisfactory for the elimination of heavy striae ami cords (Ihws 
which passes this teat is satisfactory for field glaHs<*s and <»rdinary 
photographic lenses, but it may not be suitable ft»r optical instru- 
ments of high precision, 

A modification of this method is to use a large opening so that the 
half-shaded edge is prwent only <jn one side of tlu' field. In practice 
it is well in both these methods to utilize only the half-Kliatlow part 
of the field and to cover the otherwise fully lighted part of the fiehl 
with black, matt paper. This cuts down much of the glare prraent 
in the field, which is tiring to the eyes. Tlu* um«* of prcjperly colored 
glasses is helpful in this connection. 

The method of figure iVAh is a variation of method 63u and of alunit 
the same degree of accuracy. S is the tungsten hull} source of light; 
A a small, pinhole aperture; L a biconcave lens 3 iiicht*s in diam- 
eter. The rays emerging from L form a cone which pmnm through 
the plate P under inspection and impingw on the screen (\ If the 

> SCO In tills connection a paper by It. W. ChetWro, rwi. Mag., II, iBJi. 



of less or greater intensity of illnmination than the rest of the field, 
and hence are readily detected. In this method, as in certain of the 
preceding methods, the plate, as viewed, is magnified two or threefold. 

In the method® of figure 63c, a thin sheet of opal glass (one-fourth 
millimeter thick) flashed on a sheet of clear glass is substituted for the 
screen of method, fig. 63a. The shadow effects of transmitted rather 
than reflected light are noted on the screen. As source of light Dodd 
recommends a small tungsten light with small V-shaped filament 
helix of tungsten wire. (Edison Mazda No. 131, 6-8 volts;, 3. 5 amp.; 
c. p. 28, filament C.) An equally satisfactory source of light for this 
and for methods 1 to 4 is the Ediswan pointolite bulb. Dodd’s work 
indicates that with practice this method can be used in place of the 
methods 1 to 4 ; it is evident, however, that the conditions of illumina- 
tion in this method are not so critical as in methods 1 to 4 and that 
the method is correspondingly less sensitive. 


c 



Fio. 64.— Projection method for the examination of striae in optical glass. S is the point source of light; 

Li, a condenser lens; A , pinhole aperture Lt, an objective; P, optical glass plate; Ls, projection lens; C, 

projection screen. 

The method of figure 64 was used by T. T. Smith* and others 
for photographing striae in plates of optical glass. As indicated by 
the figure a special optical system was adopted and favorable condi- 
tions were thereby attained for the detection of striae. If for the 
photographic plate a diffusing screen or a thin plate of opal glass 
is substituted, this arrangement is satisfactory for the visual detection 
of striae. In figure 64 , 8 is the source of light, such as a concentrated 
tungsten filament or pointolite bulb, a condenser lens system, A 
a small aperture, a collecting lens, P the glass plate, a photo- 
graphic lens, and G the photographic plate or screen. 

In all projection methods the tiring effect of glare on the inspector’s 
eyes should be reduced by proper attention to the arrangement and 
intensity of the light source and especially to the reflecting or trans- 
mitting screen ® on which extremes in contrast of light intensity 
should be avoided as much as possible. 

» L. E. Dodd, Jour. Am. Ceram. Soc., 2 , 977, 1006, 1920. 

* T. T. Smith, A. H. Bennett, A. E. Merritt, Bureau of Standards, Scientific Paper No. 373, 1920. 

® An undeveloped photographic plate is a satisfactory screen for this purpose. In the course of time 
it becomes dark and should be replaced by a fresh plate. Light buflf colored smooth drawing paper 
commonly used. 


Practical tests of the majority of above methods led to the adoption 
of the first method as best adapted to the routine inspection of glass 
plates, polished either, on the ends or on the sides (flats). Moat of 
the glass accepted by the Army and Navy inspectors was inspected 
by this method, and the results obtained proved its usefulness. The 
method had become standard even before the war, the only change 
introduced by the writer being the cross slit, (I^ig- 59a.) 

In routine work with the first method there are several pre- 
cautions to be taken which are essential to rapid, critical inspection. 
The source of light should not bo too strong. A 4()-watt tungsten 
bulb is adequate. In front of the small aperture A a small ground 
glass OF thin opal diffusion plate is introduced in order properly to 
illuminate the aperture. In place of the diffusion disk a condenser 
lens, as in figure 64, may be used to image the point source of light 
in the aperture, but the diffusion disk is perfectly satisfactory and 
simpler than the condenser lens arrangement. The aperture A 
should be located at the focus of the achromatic len.H X,. It is 
essential that this adjustment be carefully made because the degree 
of parallelism of the rays through the plate P deptuida directly on 
the exact location of A. The simplest method for testing the position 
of A is to sight through the lens X, toward A with a telescope or 
field glass focused on a very distant object; A is then mov(^d until 
it appears in sharp focus through the tele.scope. L('nK X 3 is set up 
parallel to X, and about a foot distant. The [xjsition of the cross- 
slit aperture B is located at the position of sharp focu.s of the aper- 
ture A. In the normally adjusted instrument the center of the 
aperture cross B coincides with the small image spot of A. A shield 
is commonly placed in front of D to out off stray light from the 
light S; the observer should bo, moreover, shielded from dirc^ct sky- 
light. Total darkness is not necessary nor advisable; th(» eye func- 
tions best and with least fatigue if it is not exposed to strong contrasts 
in illumination. 

A plate which is to be examined for striae is first inspwted for 
cleanness of polished surfaces. The plate should reach thcs iiwpector 
in clean condition; if it is not clean, he should return it ftjr cleaning; 
it is not his function to clean plates. Ho should, however, dust 
off each plate with a soft cloth before critical inspectitin. 

The clean, plate is placed in the position indicatiHl in Bhg. 59 be- 
tween the two lenses and Xj; the observer’s eye views the plate 
through the slit aperture B. The eye is plaewl as near as |Kjmihle 
to this aperture in order to receive light from the entire surface tff 
lens Xj. The opposite surfaces of the plate P are rarely strictly 
parallel, with the result that there is a porc.eptible shift of the point 
of focus at B. The plate is accordingly turned about the horizontal 
axis, its surfaces still remaining approximately parallel with the 



flat lens surfaces, until the focus crosses one of the slit openings, and 
the plate and field in consequence appear brightly illuminated; the 
plate is then rotated a little farther and appears in half shadow or 
practically dark. In this position striaB are most readily detected 
and with practice can be seen at a glance. At first the inspector 
may experience difl&culty in locating the positions of half shadow ; 
but after a few trials his eye becomes accustomed to the phenomena 
and he is able to turn the plate without special effort to a sensitive 
position. 

In case the plate under examination is ground and polished on the 
flats, the striated areas are marked with colored wax crayon on the 
plate to be trimmed away by the trimmers. 

Scratches oii the flat surfaces may be deceptive at first, but after 
short practice they are readily distinguished from striae. 

A slight difference in illumination between different parts of the 
field in which no striae are recognizable, occurs in some plates and 
is commonly indicative either of fine or ribbon striae so placed that 
they are not visible when viewed in the direction of observation, or 
of a gradual change in refractive index from one part of the plate to 
another. A plate, exhibiting these phenomena, should be inspected 
through another direction before acceptance. In an occasional 
plate a curious, concentric system of rings can be seen; thesQ are 
marks left by the grinding or polishing tool, the plate having been 
rotated for an appreciable period of time about the center of the 
concentric rings as axis. 

Experience has shown that for critical work of the highest pre- 
cision inspection through one direction only does not sufi&ce; the 
plates should be inspected through different directions to insure 
freedom from striae. For most purposes, however, critical inspection 
through one direction suffices to eliminate most of the striae. 

Bubbles, seeds, stones, crystallizaiion bodies; 'pressing dejects, feathers, 
folds, laps.-^A plate of optical glass after having passed inspection 
for striae is examined for “seeds,” “stones,” and “feathers and 
folds.” These defects are most readily observed under conditions 
of illumination, approaching those of dark-groimd illunlination; 
these are readily obtained by placing a source of light (electric 
bulb) under a cardboard, or wood cover (fig. 65), thereby screening 
off all but horizontal rays of light. This arrangement is analogous 
in its effects to a ray of sunlight which, streaming into a room', 
renders visible the minute dust particles in the air; foreign particles 
in the glass, such as minute seeds or stones serve to reflect and 
diffract the impinging light rays, so that they reach the eye of the 
observer; each particle, thus illuminated, appears as a bright source 
of light or a star and is readily visible. In order that the contrast 
between light and dark be as great as possible, the , plate under 
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examination should rest on a sheet of dull black paper or a piece of 
black felt or cloth and be shielded from li^ht at the sides, the back- 
ground is then dark and the brightly illuminated points stand out 

clearly, . , 

The presence of a small number of bubbles m a plate of optical 

glass is not sufficient cause for its rejection. All stones and crystalli- 
zation bodies, also feathers and folds, should bo removed either by 
grinding or sand blasting, if near the surface, and by chipping out, 
if deeply buried. The presence of a atone or fold or feather in a lens 
or prism is adequate reason for rejection. 

Inspection for strain.—Two factors are iinjxvrlant. in the inspection 
for strain, namely, the maximal amount of strain in a plate and the 
general distribution of the strain. Strain in optical glass is readily 
recognized by the effect which a straiiuHl piec(‘ of glass (exerts on 
plane-polarized light waves during transmission. In a strained piece 
of glass, waves of light are transmitted with difterent speeds, depend- 
ing on the direction of transmission and on the plane of vibration. 



Fia. Arrangement sultablo for Iho Irmpection of giasa plittM for linhlilw, fswla, alontwi. jwuI prrswlng 
' (kfects, elr. 


This gives rise to the phenomena of douhh' ndraetion which can he 
recognized between crossed nicols by the interferfnice ctdow which 
are formed and whose sequence is practically that of the* Ni'wton 
color scale. The particular interference color formcnl dequmds di- 
rectly on the distance between two interfering light waves; iIuh dis- 
tance in turn depends both on the difTerenct' in HptHHiH tif th<' two 
interfering waves through the strained glass fstrf'Hses in the glass) 
and on the length of the gloss-path, A definite and yc't ('asily 
attainable limit of strain even under war-time eonditions of anneal- 
ing was accordingly set and expressed either in terms of abHolute 
birefringence for a specified color or in terms of path diflerence per 
centimeter glass-path. This war-time limit is that of the maximum 


observable strain in a plate and is, for sodium light, 20 milUmicroiiH 
path-difference per centimeter glass-path at the margins or 10 milli- 
microns path difference at the center of the platio, exprtswed in 




erance limit ia half the above or maximal path difference of 10 milli- 
miorona per centimeter glasa-path at the margins of the plate; this 
corresponds to a path difference of 5 millimicrons at the center 
of the plate and may bo considered to be a normal and reasonable 
peacetime tolerance. 

The practical utilissation of these limits is extremely simple. 
Apparatus arranged as in figure 66a or figure 666 is serviceable. 
In figure 66rt, S is the source of light (electric bulb),Z> a pieco of 



la. ea. A{*tmr»uw Bwltalitu for Ute iHSjK*‘Uttn for i!tr»kl« In optk*! gJa*® platMi. In flg. flfla n dlflu#lng 
WftMt KffiujKt (llumlr»«t«4 fr«m th« by mi lamp I® «*edj in flg. Wb tho diffusing 

wiwti ta by a tnuutftnw tens syaliun. In bnib Mtangrawt#- lhf» Iwflp la properly housed in a 

idiwllron Iwx. <«> a te iha wnirw nl light; n, % diffusing mma oJf grouad flaw; 0, plato of opaque 
gla*: I*, nptiml glass ptew. I", ^siUva tint plate; N, nteal prtein: E, olteorver'a eye. (&) D, diffusing 
plate: A , Idnholo aiwiura, if, tHtmtenw tett#; ff, H, P, JT, flf , and M‘, aw th« wine ns In (a). 

ground glann, (J a polwhtMl plaU' of tipaque glana ho tilted that the 
angle of ineidence in the Brewntt'r polarizing angle (tangent of the 
angle w equal to the refractive index of the glaaa). For ordinary 
opaque glt^m w 1.52, and therefore the polarizing angle is 56° 40'. 



reflected light is practically plane-polarized and ife extinguished 
by the analyzing nicol. Figure 666 is similar to figure 66a, except 
that the parallelism of the rays incident on the plate G is insured by 
the use of a point source of light (pointolite bulb or concentrated 
tungsten filament) at the rear focus of a condenser lens. Either 
apparatus functions satisfactorily for the purpose. 

To render the low, first-order interference colors more readily 
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apparent a sensitive-tint plate of selenite, or of quartz, or as a last 
resort, of mica, is inserted in the diagonal position in front of the 

.analyzer, thus coloring the 
entire field aunifonn purple. 
A slight change in the path 
difference Huffices to change 
this interference color to 
orange if the path difference 
is decreased, or to blue if it 
is increased. The sensitive 
tint" is observed between 
crossed nicols when the path 
diffenmce, in air, f(»r sodium 
light is 555 millimicrons. A 
shift of U) millimicrons suf- 
ficfw them to (‘aust^ a per- 
ceptible change in color. In 
a plate 10 centimeters wide 
a path difference of 20 mil- 
limicrons per centimeter 
glass-path bcH'.onuw 200 mil- 

Pio. 67.-IUuatratlng the appoftranoe of the four giwlM o Ijdal path (liffer- 

anneeling In optical |hi88 plates, 10 ceHlUneters long, when encc; in Other Wonls the in- 
viewed In polarised light with the^^^d of a sensltlYe-UnttOale r'rUnp fV»A 

through the ends, (o) Annealing excelleat: (5) anneaHiig w iw riu i attiug wie 

fah; (f> annealing poor; strain evenly distributed; («f) an> margins of the plate is 
neallng poor, strain unevenly dUtributed. Thecurvesln fmm wntiMilmA 

these figures represent simply (Ufferent InterfareRW colora ^ ‘^om hiw HCllHlUVe 

(Newton oolorHsoale) as they are observed with the aid o(a purple tint to liright yelloW 
sanslUve-tlnt plate; thus In fig. 67« the interferenee trrnMsmh 

may pass frona blue at the margin of the plate to purple grei Ilisn blUC, wlC f.eilter 

and magenta (senslUve-UntHo red and reddish orange at IS then orangey ellow or blue, 

thecenter. In the other figures Uie range of Interferenw lUnAfniOm*. 

colors from center to margin of the plate is 8tUl grater. ucpt^iiuing oil uw pcwiuon 

of the platt'. The observed 
phenomena are indicated in figun^ 67 o, 6, c, d and 10 «, 6, c, d, c,/, g. 

It should be noted that a very large percentage of the glass passed 
by Government inspectors during tibe war period was so well annealed 
that the resulting maximum path difference was Itw than 10 milli- 
microns per centimeter, or 6 millimicrons at the center of the plate. 

Once the polarization apparatus is set up tlie inspi%ctor examine 
three or four plates at a time. Each plate k examined through the 
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edges; polished edges are not required. The plate is inserted in the 
line of sight in the diagonal position or so that its e<^e includes an 
angle of 45° with the plane of incidence of the reflecting opaque 
polarization plate G. . A plate which shows distinct green or yellow 
interference colors is rejected and returned for reannealing. Ac- 
ceptable are plates which show changes in color ranging from orange 
red or red to purple to blue and in these the color changes must be 
symmetrical with reference to the outline of the plate. 

Experience has demonstrated that, although for the exact meas- 
urement of path differences a graduated quartz wedge or Babinet 
compensator or other sensitive device is necessary, the above simple 
apparatus is entirely satisfactory for routine factory inspection. 

The design and construction of both the strifie and the strain in- 
spection apparatus should be so carried out that the inspector can 
work with a maximum degree of comfort and with the least ex- 
penditure of energy in lifting and transferring the plates. Strained 
positions should be avoided because they tire an inspector and re- 
duce at once his efficiency. 

TTie transparency of the plates . — The inspector is commonly not 
required to determine the degree of transparency of optical glass 
plates. This is, however, an important factor and may well he con- 
sidered briefly in this section. The methods employed are those of 
the physical laboratory, modified slightly with reference to the 
problem of light-transmission in optical glass. A number of different 
instruments can be used for the purpose; they are photometers and, 
as such, depend on the ability of the observer to match or balance 
two contiguous, illuminated fields. Under favorable conditions of 
illumination it is possible to detect differences of 2 and even 1 per 
cent in the intensity of illumination between the halves of a 
photometric field. 

In measurements of the amount of light transmitted by a plane- 
parallel plate, account must be taken of the light lost by reflection 
at the plane surfaces. Let p be the amount of light reflected at each 
boundary surface. Let /3 be the amount of light transmitted per 
unit thickness (1 centimeter) of plate; then 1-/8 is the amount ab- 
sorbed per unit thickness. For a thickness I the amount of light 
transmitted is- If multiple internal reflection be taken into 
account, the amount, /, of light transmitted by a plate of thickness I, is 

From this equation we find 
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If in this equation the value of p, as stated by the Fresnel equation 
for the intensity of reflected, vertically incident light, namely, 

in which n is the refractive index of the glass, be sub- 

^ V^+1/’ 
stituted, we find 

(n- - /(n 4-1)' - 0, 

a quadratic equation in /3‘ in which n and / are known. The equa- 
tion is, however, based on the assumption that FresnerH equation is 
correct. Experiments with glass plates have proved that the 
amount of light reflected by a glass surface can be appreciably re- 
duced by short exposure of the polished surface to certain solutions. 
It is advisable, therefore, to eliminate p from the equations by measur- 
ing the transmission on difloi’ent thicknesses of tlie glass plate. 

The first equation can be written for two different thicknesses 
and Zj of the plate 

/3‘i(1 + Wp*-™2/3',p449\-A-() 

From these two equations p can be ediminattul. In the r^ulting 
equation, /j, and \ are known, so that Uie value ^ con be ascer- 
tained. The resulting equation is, however, so complicated that in 
general the roots can bo obtained only by apjiroximation methods. 
A direct and simple approximate solution can be obtained by neg- 
lecting p* in equation (1); in this case we find for two transmissions 
4, /j, measured on thickneasc^s Z, and Z3. 

1 , . //, ‘ 

J ^ jh 

The value of p computed from this equation is too low; hut it is of 
the correct order of magnitude. 

If internal reflections be neglected, the ratio of the tmuwured 
transmissions or the two thiekiUiSHt'a is the traiiMmisaion for the 
path Zg-Zi. The practical effect of neglec.ting p® is tlu‘reft»r«^ tt» ncghnit 
the internal reflections; but thme add at moat <jnly 0,1 to 0,3 per 
cent to the transmitted light. To disregard thwe^ in the fKjuations is 
to obtain too high a transmission and lumce too small an absorption. 
In the case of a thick plate of relatively high alisorptitm thin error is 
not groat; but in the case of a thin plate of high transparency the 
percentage error may ho appreciable. 

The above relations show that, in cose results of greater accuracy 
are desired, the only feasible method is to measure the anunuit of 
light reflected at vertical incidence. The diffc^rence between the 
original intensity and this refloctwl amount combined with the 
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By measuring the intensity ratios for two thictoessoa 
and by placing each thickness of plate m front, hrst of the prism ret 
of the photometer and then in front of the second aperture of the 
photometer, the observer avoids the difficulties arising because of 



Fio. 68.— Graphical sclution of the equation for light- transmission of planecparttUel plates. The abirtewi 
represent the thickness of the plate in centimeters; the radiating lines, the percentage trM»smLwia« at 
the glass plate; the ordinates, the absorption In per cent per eoivtlmeter glaaa-path. 


reflection at the boundary surfaces of the glass plate and because of 
the decreased field intensity ratio resulting from the prism set. 

The transmission jS for a plate of unit thickness can be ascertaintHi 
from the last equation which may be written 


1 I 
log — Y log Y 
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In figure 68 a graphical solution of this equation is ^ven; the 
abscissae represent the thickness of the plate in centimeters, the 
ordinates the absorption in per cent per centimeter glass-path, and 
the sloping lines the percentage transmission of the plate. 

During the war there were used for the measurement of the light 
transmission of optical glass plates and of optical instruments three 
different types of photometers, namely, a bench photometer, a pho- 
tometer with neutral tint wedges, and a polarization photometer. In 
the bench photometer* (fig. 69) two similar electric bulbs, 8^, 8^, 
serve as light sources and are wired on the same circuit; each light 
illuminates an opal glass plate and these are viewed together by 
means of a photometer prism-set and eyepiece. The lamp 8^, of part 



Via, 00.— Apparalius (or the meaeuremeiat o( the light tranatnMtw In upUmt pla^tw, arwl M$ are 

eleotrlo lamp bulbs; Oi and Ck, thin plat^ of glass: et, a l4jmmer-airo4htt« photomaler 
L, graduated scale; A , position Indicator for the lamp #»; A., eyaptace. and manwlaplurtd by 

Keufllel and Esser. 

6, can be moved along a gradu&ted itoale L and ite dktanee & from the 
opal plate at any position can be read off directly. The fields are 
brought to uniform illumination tliroughout and the poaition of 
lamp /Sj is recorded. The glass plate is then in«erti»ti between the 
parts a and i; the field is again brought to uniform intenaity and 
the position of S, recorded (distance a,). The percentage iransmii- 
sion is then a,*/a*. With this instniment in nrt>i>er adiustment the 




constructed during the war in the Geophysical Laboratory and proved 
to be satisfactory. The details are illustrated in figure 70; and 
Fj are carefully graduated neutral tint wedges/ and P^ right angle 
reflecting prisms; A, Xj, objective lenses; A^, diaphragms at 
rear foci of and X^, respectively; P, the reflecting eyepiece prism 
consisting of two right angle prisms cemented, as indicated, fiy optical 
contact; E, a positive eyepiece. A white uniform source of light is 
obtained by means either of a white diffusing screen of magnesia 
illuminated by two electric lamps from the sides, or of a box lined 
with white paper and illuminated by electric lamps properly placed, 
or of a cylinder of white drawing paper illuminated at one end by a 
strong electric lamp and closed at the other by a piece of white 
Belgian opal glass with matt ground surfaces. The halves of the 
photometric field are first balanced without the glass plate and then 



Fio. 70.— Photometer with neutral tint wedges (or tho mcASuromont of the light transmlsfllon in aptteikl 
glass plates. IFiand IFjare graduated neutral tint wodgoa; /’i, Pj, Tedoctlng prisma; Li, Xtohjoetlve, 
lenses; Ai, Ai, removable stops; P, photometer priam. 

after the plate has been inserted in front either of Fj or Wg. The 
wedge readings give then directly the percentage ratio of the light 
transmitted through the plate. 

A third type of photometer is the small Koenig-Martens hand 
polarization photometer. This was adapted to tho purpose by the 
special attachments shown in figure 71, which were constructed in 
the Geophysical Laboratory.® These served for a large series of 
measurements and proved* to he exceedingly useful. Tlie optical 
arrangement of the photometer is shown in figure 72a. Its essential 
feature is the Wollaston cube, W which consists of two calcite 
prisms so cut that the optic axis in each prism is parallel to the end 
surfaces of the cube, so that, ,when cemented together along the 
sloping surfaces, the optic axis of tho first prism-half is at right 
angles to the optic axis of the second. The effect of the prism is to 

I Eastman Kodak Co. — ~ 

P. E. Wright, Jour. Opt. Soc. America, 2-8, 66-76, 93-96, 1019. 



produce two divergent beams of piano-polarized light polarized at 
right angles, the first to the second. These are reduced to a common 
plane of vibration by the analyzer N. The intensity of each beam 
of light, as observed through the analyzer, is proportional to the 
square of the cosine of the angle a which its plants of vibration includes 
with the plane of vibration of the analyzer; at each instant, therefore, 
the intensity of the one field, /j, is proportional to c,oh^ «, that of the 
other, /„ to cos’* (90° - a) sin^ a; tlic ratio tif the iuteusitiea is 



ria, 71.— Tho Koenig-Martona iiftiiU ph(»tom«t«r wan ajwiAl aUw’HmPHta Jt»r iijw Ui 
transiaJsslon of optical glaaa plates and ojal***! Inatmments. A, llie phtrfwtneter; N, n 
roadlnglens; JB, an attacliinent supporting the twii rt^wHIng ptisnw, A' and P: C*,a lut«i wltli 
oocontrlcally mounted lens M for use lA measurltig light IranntntMliM:* in »f{ai«'ttl Itwtnunwits: 

D and JS, attachments used In measuring the ammmt of nurnmlly InHdwithght rarteptetl frcim 
a polished gtoas surface. 

ties of the two beams of light emerging from tlu' WtiUtisttm cuhe 
This ratio is approximately equal to unity. An extemled series of 
computations shows that for a Wolhwton priHin of slope angle 45°, 
(7«» 1.0026 in case the two end fact‘« are protected hy gloaa Hlips 
cemented to the prism with (lanada halnam (// 1.540); for the hare 

Wollaston prism 6^™ 1.0006, It is, therehire, perrniHHihle in this type 
of prism to consider that 0^ 1 and 
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The error made by this assumption is negligible. In every instru- 
ment, however, the validity of this assumption should be tested and 
the value of C ascertained from the angular position a of the analyzer 
for which the two halves of the field are equally illuminated. 

In this photometer the light enters the entrance pupils A and B 
(fig. 72a) ; these apertures are in the rear focal plane of the lens G 
cemented to the Wollaston prism W; the rays of light pass from the 
Wollaston prism through the biprism F whence they pass 'as parallel 
beams of light through the analyzer N and the eyepiece lens D, and 
through the exit pupil at E. 

In order to separate the two apertures (entrance-pupils) of the 
photometer, two reflecting prisms, P, K, (fig. 71) are commonly 
employed. For this purpose the attachment shown in figure 71 
was constructed. It is attached directly to the instrument. The 
large prism P slides in the grooves indicated in the figure and can 


a. 



Fio. 72.— Optical arrangomonts of Koonlg-Martens photometer. In flg. 72<i the paths of the rays from the 
two apertures A, B, are shown; in flg. 726 the paths of the rays when only one aperture, A, la employed. 

be rotated about the axis at Q. The presence of these prisms 
decreases the intensity of the one field and the position of equal 
intensity of the two halves is no longer at 45° but at a different 
angle cto- 

The procedure in measuring the transmission of a plate is briefly: 

1. Ascertain position (ao) of analyzer for equal intensity ol fields 
when no plate intervenes. 

2 . Place plate on flat side (.thickness Z,) in front of prism set and 
lead tti, position of analyzer for equal intensity of fields. 

3. Place plate on end (thickness ZjJ a 2 <«i) read new position 
of analyzer for equal intensity of the two fields (the angle oij; a 3 <aj). 

4. Place plate on flat side in front of second aperture of photom* 
eter and read 0 : 3 , position of analyzer for equal intensity of fields. 

(5). Place plate on end and read a^, (o^^ <ag) the position of analyzer 
for equal intensity of the two halves of the field. For each position 
take 10 readings. 



The transmission for a plate of thickness — is then 

/= tan^aa.cot^tfi, (ag < ai) 
tan^tt^.cot^aj, (oci < «a) 

The transmission /3 for a plate of unit thickness can he ascertained 
from the standard equation which may be written 


log j8=r- 


.w li 


(log tan I log cot aj 
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Fio. 73. Qraphloal solution of tho oquatlon oot*«t usrt la wUti ih^ptUarliatltm |iho« 

toraeter. The abscissae represent the angl^ wi! Uw sJoplnR lliiwi, the angl»??? arul th« the 

percentage light transmission, /. 

In case only one thickness of platti is available the retlectitui ft»rtnula 
of Fresnel for vertical incidence may be aHmimcni to be valid, and 
the equations are 

j « « 71* + 1 

y »» tan* «« • cot* 

H " * 2% 

r *,3 1 1 

^ - tan* • cot* 

It , , fj,7 4 1 

j^-tana^.cotas- 

In case the amount of light p reflected from a single aurface has 
en measured, the Vi ' 
equation on page 210. 
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ence has shown the graphical solution of these oquationa aa 
ed bv figure 73 is adequate for all purposes; m this diagram 
jal lines are the angle the sloping lines the angle «„ and 
iontal lines the transmissions, which, when a, and «, are 
a be read off directly. In this diagram only a limited range 
is given, but for all optical glasses it suincea. A aecond 
of the same character was also propareii, giving a much 
ige and was used in the measurement of the light tranamm- 
ertain optical instruments and of experimental glaaaea of 
)le absorption. 

on oflight.—In order to test the vnluhty of the hrmwl 
for reflected, vertically incident lig;ht, and also to a«t‘e*rtain 
of certain solutions in reducing the amount of li^ht reflwtwl, 
iment was used on the Koenig-Martena photomet^^r which 
atisfactory and simple in operation. The attachment i« 
d in figure 71, D and E. It consiata of tw^o riglit-angle 
, 0ach rotatable about a horizontal axis. Mountinl hack of 
mis a lens tI, the function of which is to image the rt'flecting 
leld by the mount D, figure 71, in the image plane td Uie eye^ 
'he cylindrical mounting for the prisms and humes slips over 
3f the Koenig-Martens photometer to .such a position that 
lUres of the photometer are located at the rear focal plani»a 
0 lenses. This insures the entrance of parallel rays into the 
In practice the glass plate is placed on the mount K at F at 
)sition that its reflecting surface is seen in the fichi of view, 
reflected by the plate in this posititm is not strictly vertical. 
30 nearly so (within 10° or Icbs) that no appnwinhle error b 
assuming strict verticality; this is evident frtun tlie general 
ixpression for the intensity of rays of light reflwttHl at 
angles of incidence. 

practical measurement of the intensity of rtdlectmi light it is 
at first to balance the fields with the reflecting surface tri 
he aperture at the right side of the jihotomcter and then t€» 
he left side by rotating the prisms eaidi thr«njgh W>'“ arul to 
e fields again. By this method the first values are rhw'kiHi 
he second. It is also advisable to mount the phottuneter 
iistance from the source of uniform light in order that lm-*l 
js of illumination may he eliminated. The umformily of 
ion of the two fields should be tested liy tdt.serving the fiehi^ 
h prisms are pointing directly toward the source of light , 
when they both point at the rafliH’ting surface, fly thw 
he intensity ratio C of the two fieUis under c<mditioiw of 
uniform incident illumination is obtained. 
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For this purpose the attachment of figure 71 (7 was used. It com 
sists simply of a lens mounted at the end of a cylinder which slips over 
the end of the Koenig-Martens photometer. The lens is so placed 
that its rear focal plane falls on the aperture of the photometer, thus 
insuring the entrance of parallel light into the instrument. The 
optical instrument, whose transmission ia to be measured, is placed 
so that its entrance or exit pupil is imaged by the lermeH F (figure 72) 
and G (figure 71) in the imago plane of the eyepiece. It ia immaterial 
whether the exit or the entrance pupil of the optical instrument is 
used. In the case of telescopes the entrance pupil (objective end) 
is more convenient to use beeauso it is much larger. The two fields 
are first balanced with the analyzer at without the optical instru- 
ment in the path; after which the instrument is placc'd in the path 
and the fields are again balanced at Uy The tramsmisHion ratio ia 
then 



tan®«j cotoij, 


(a3< Oj). 


The transmission can then be read off directly on the graphical plot, 
figure 73. 


THE WEATHER STABILITY OF omOAI. (iLAHSES. 


An essential roquiroment for optical instruments intended for field 
use is weather stability or imehangenbility of the Hurfaces of the lenses 
and prisms when exposed to the action of the atmosphere, (JIhsh 
which is not stable is attacked by atmoHplu'ric agencies, such as 
water vapor, carbon dioxide gas, etc.; by finger perspiration and by 
bacteria and minute plant organisms, whjch eat inttj the finely fin- 
ished optical surfaces, Thrae agencies destroy the polish, and, in 
many instances, produce a film over the surface whieli greatly reduces 
the light transmission and in extreme cases may remier tfie instru- 
ijient useless. 

Many methods have been tleviatMl for the purpose of testing the 
weather stability of optical gloss. The proctHlure generally followed 
is to carry out a series of laboratory bwits under definitely ccmtrolled 
conditions on standard glaasM of known comptmition aiul of known 
degree of weather stability and to oecertain their ludmvtor toward 
pure watcH* and also alkaline, acid, and .saline solutionn of definite 
concentrations and at definite temperatures; from tiata of this 
nature, the probable weather stability of an unknown glaaa may 
then be inferred from its behavior in the .standardized hilmmtory 
tests. There is, of course, danger in this proctHlure that any inference 
drawn from the beliavior of a complex solution, «uch «« glass, at 
high temperatures and possibly high pressuw toward reagents of 
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incentration, may bear no relation whatever to the behavior 
glass toward atmospheric agencies which are dilute agents 
btack slowly and at room temperatures. The process is one 
imposition or selective solution and the behavior of the silicate 
at low temperatures toward chemically weak atmospheric 
working over long periods of time does not necessarily bear 
rect relation to the behavior of the same system at high 
■atures and high pressures toward other reagents of much 
■ concentration operating for only a short period of time. 

•ng series of experiments by Mylius ® and Foerstor bear 
ese statements and prove that changes in temperature pro- 
ery largo differences in the ratios of alkalies to silica dis- 
as well as in the total quantities dissolved; also that changes 
lentration of the attacking solutions have a pronounced effect, 
researches were carried out especially to test the quality of 
al glassware; but in view of the fact that weather stability 
in large part resistance to attack by water at ordinary tern- 
res the results obtained are indicative of the relative dura- 
of the glasses when exposed to atmospheric agencies. The 
resistance to attack by atmospheric agencies finds expression 
optical glass surface in the formation of films, either liquid 
3 form of drops ranging in size from microscopic to easily 
drops) or of crystallized aggregates (commonly as alkali corho- 
or of organic growths (algae, bacteria). The surface may 
i pitted and corroded; it may absorb water and swell, and 
evitrify, thereby causing the surface ultimately to flake and 
isolated spots and specks may appear on the surface, espe- 
n the heavy flint glasses. These phenomena were examined 
?-opically by K. Zschimmer on a sot of plane polished plates 
cal glass of different types which had been stored in a loosely 
metal box for periods up to seven years. 
minff test. -Z&olnmmor found that by o.xpoaing polished gloss 
s to moist air, nearly saturated with water vapor and heated 
), for a period of two hours or longer, films form on the surfaces 
are similar to the films formed at room temperatures on pol- 
urfacos after months’ or years’ exposure to the atmosphere, 
mor’s work was repeated and modified slightly by Eiaden. 
s, and Jones, and accordant results were obtained by them, 
at temperature was maintained by means of a carefully regu- 
hermostat. Test plates, H by J- by inches in size with well 

doutsch. Clwra. Ooa. 22, 1002 , 24. H82, 1891; Zcltschr. f. Inatrumentenkunde ft, 117, 1889; 

. doutsali. Ohom. (Jos. 26, -2404, 1892; 20, 2916, 1893; 26, 2998, 1893; Zeitschr. t. an&lyt, Chein. 
«; 84, 381, 1894. 

Zoltung, 26, 730, 1901. 

ir. Bloktroohomlo 11, (328-638, 1905; D, Motshan. Zk)lt., 7, 63, 1003. 
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polished surfaces were first examined, after careful cleaning by a 
special method, for surface imperfections; these were recorded foi 
each plate. Polished quartz plates served as control plates and were 
inserted into the apparatus together with the glass plates. In all, 
operations the greatest care was taken to insure clean glass Surfaces 
fr^e from contamination. The plates were then exposed in the 
apparatus to a slow current of moist air at 80° 0. for the desired time. 
The thermostat was then cooled to a temperature of 2° 0. below room 
temperature at such a rate that no distinct precipitation (dew) was 
formed on the quartz plates. The plates were then removed and 
quickly transferred to dry teat tubes and the tubes closed with 
rubber stoppers. The plates wore first examined for dew and a 
record was made in each case of the time reipiired for the dew to dis- 
appear. The plates were then examined for “film” or degree of 
attack of polished surface; detailed examination under the miert)- 
scope revealed the characteristic features of each deqKmit and from 
these an estimate was made of the degree of attack on plates held at 
80° C. for 30 hours. On tins basis the glaases were clasHifled into 
three groups— excellent, medium, and poor. 

Unaffected or very slightly affocUKl 1 

Appreciably affected 2 

Seriously affected 3 

The classification of the relative weather atahiUty of different 
optical glasses by this method appears to be in accord with the actual 
relath-e behavior of the glasses toward weathering agencien, and also 
to agree with the conclusions reached by the ituloeositi imi <»f Mylius. 

The iodoeosin test.— Experiments by Warburg and Ihmori ** proved 
that glass is attacked by water in such manner that aome alkali is 
leached out; even in the presence of weak acids, it is the action of the 
water which is the important factor in the attack. The quantity of 
alkali thus set free on hydrolytic decomjKwition of the glass is indica- 
tive of the resistance of the glass to weathering agenciw*. The most 
sensitive and reliable method for ascertaining the amount of free 
alkali present appears to be the iodoeosin test of Mylius.** 

For the iodoeosin teat a laturated solution of water in ether ii 
used in which pure iodoeosin i« diwiolvmi (O.fi g per liter 

solution). A freshly fractured surface of the glass he tinted is 
immersed for one minute at 18° C. in this solution; during this time 
the glass is attacked, a small quantity of alkali in set frwn entera 
into combination with the iodoeoein to form the red alkali salt 
(soda or potash) which ia insoluble in ether and htmee in prmdpitated 
on the surface thus coloring it pale red, the inkmsity «if the coloring 

M Wiedemann’s Atm,, fi7,4IU, IW. 
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iding on the amount of free alkali available for precipitation, 
jlass surface, on removal from the iodoeosin solution, is plunged 
ly into ether and the excess iodoeosin solution is washed off^ 
surface is then allowed to dry; the surfaces, except the freshly 
>n surface of the glass fragment, are wiped clean with a cloth; 
)doeosin salt is then dissolved in a small quantity of water and 
iiantity determined colorimetrfcally by matching it against a 
ard iodoeosin salt solution. The alkalinity of the freshly 
in glass surface in terms of milligrams iodoeosin thus abosrbed 
juare meter area is called the “natural alkalinity'’ of the glass 
ylius. The “weather alkalinity” is, however, a better indicator 
3 weather stability of the glass and is in effect the amount of 
osin absorbed per square meter area on a freshly broken glass 
je after it has been weathered by exposure to moist air for 
days at 18° C. and is then tested in the same manner as a 
y broken surface before such exposure. Mylius found that the 
ther alkalinity” in the more resistant and weather stable glasses 
t in general greatly different from the “natural alkalinity”; 
hat in the less stable glasses the. “natural alkalinity” may be 
limes as great as the “weather alkalinity.” Certain anomalies, 
tally in the borosilicates and the dense flint and barium glasses 
ss disturbing in the “weather alkalinity” experiments than in 
natural alkalinity” tests. 

the practical use of these tests certain precautions have to be 
red which are emphasized by Mylius. Extended tests on 
of known degrees of weather stability have proved the general 
ility of the dimming and the iodoeosin tests. In the case of 
3avy flint and barium silicate glass the effects of the lead and 
n on the iodoeosin may be disturbing if the prescribed pro- 
8 is not strictly followed; the presence of boron oxide in a 
nay also cause trouble under certain conditions. The iodoeosin 
should be corroborated by other methods wherever possible, 
lius divides glasses into five groups on the basis of tlie alkalinity 
weathered surfaces (weather alkalinity) as follows ; 


is. 

Typo of glass. 

"Weather alkalinity," 
milligrams par square 

meter. 

Bixample. 


Practically Insoluble 

0 to 6 

BUioa glass. 

Jena Qwtlte, pyrex. 
FUnts, beet orowne. 
Ordinary crowns. 


Resistance elass 

5 to 10.. 



10 to 20 


Soft glMS 

20 to 40 


Poor glass 

Over 40 






ical glasses should have a surface alkalinity, after weathering, 
tan 40 milligrams per square meter. 

434508 O - 43 - IS 
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The acetic acid This test was first used by B. Zschunr 
and is especially adapted to show the spots ‘which may develo 
flint glasses as a result of finger marks (perspiration). A drop i 
aqueous solution containing 0.5 per cent acetic acid and 0.0^ 
cent glycerine is allowed to remain for 24 hours on a polished 
surface. It is then washed off; the intensity of the resulting ta 
or coating is a measure of the tendency of the glass to develop ! 
as a result of finger marks. Modifications of this test have been d 
oped, but they are of limited application and usefulness. 

Autodave tests.-— Tests of the behavior of glass surfaces Bubj< 
to attack by water and acid solutions at high temperatures and 
sures, such as water at 180® C., have been adopted at different p 
to ascertain the weather stability of the glass, but the value o: 
procedure has been seriously questioned. During the war they 
applied by Bichowsky to a series of optical glaaswi and intere 
results were obtained. The testa adopted were not quantitative 
the results obtained are subject to the personal judgment oJ 
observer. Three types of solution were employed, namely, wat 
per cent solution of sodium hydroxide, and 1 r I hydrochloric 
Half-inch cubes of the glass were immersed in am of the solu 
in a steel bomb and heated for 4 hours at 225® C. in the case of w 
for 2 hours in the case of the sodium hydroxide solution. The h;) 
chloric acid tests were made in sealed combustion tulM*a held at 
C. for 6 hours. 

Bichowsky grades each glass cube according to its appearance 
treatment in one of the above solutions m follows ; 


Grade. 


Apprarance wet. 


Appwnmw® dry. 


9... Thtdksluihy Him 

8 Tlilokaim.... 

7 , . 

8 !..!!! 

4 .do 

3 Film 

a Clear..... 

I ....do 


FUm mar« thu IJ mlt 
ttadi. 

Flak* off wbun dry. 
Ttm aim. a«kM m. 
Ttdri aim, do* tliiic 
tiered. 
NoltidliBd. 

Film. 

im. 

caiw. 


His tests on different types of glaas show marked diffenmci 
behavior in the different solutions. From the rtwults he wan 
however, to infer with some degree of assurance the general atal 
of the glass. Unfortunately his experimente could not be carrie 
enough on a sufficiently lajtge number of glaiw<*« of known degre 
weather stability to demonstrate the practical uaefulnwii of 
method as a test for actual “weather itability." 






FILM ON GLASS SLTRFACES. 

THE FORMATION OP FILM ON INCLOSED GLASS SURFACES. 

A serious matter during the war was the appearance in many 
optical instruments, especially binoculars, of a more or less pronounced 
film on lens and prism surfaces which reduced the light transmission 
seriously and in many cases rendered the instrument useless. In many 
instances it was found possible to clean the surfaces, but this neces- 
sitated in each case reassembly and readjustment of each instrument 
after cleaning. The “film’’ problem was attacked by many investi- 
gators and the source of trouble found to be in many cases lack of 
cleanliness in the original assembly of the instrument;^* film of this 
nature is especially liable to occur on the graduated surfaces of reti- 
cules, of prisms, and of the field lens of the eyepiece. In certain 
cases the formation of fihn was traced back to lack of weather stability 
in the glass itself. 

A faint film is recognized most readily in oblique, half-shadow 
illumination, rather than in direct fuU illumination. To detect film 
on a glass surface ill an optical instrument, point its eye-piece end 
toward a strong light; turn the instrument through a small angle so 
that its axis does not comcide exactly with the line of sight from the 
observer to the source of light. Under these conditions of indirect 
lighting, film on a lens or prism surface appears as a faint haze, not 
unlike'the effect produced by a ray of sunlight on suspended dust par- 
ticles in a room. With proper care and an intense source of light, 
this test is extremely sensitive and renders visible even faint traces 
of film. 


'« H. S. Ryland, On the prevention of film in inclosed opticalinstruments, Trans. Opt. Soc. London, 19, 
179-181, 1918; L. C. Martin and C. H. Griffiths, Deposits on glass surfaces in instruments, Trans. Opt. Soc 
London, 20, 135-156, 1918. 




Chapter V. 

THE MANUFACTURE OF LENSES AND PRISMS. 


The operations and processes described in this chapter are for the 
most part different from those involved in the manufactim^ of optical 
glass; they are, moreover, more widely known and are essentially 
mechanic^ in nature, and hence do not require to any great extent 
the services of the chemist and the physicist. The maker of optical 
instruments on undertaking to manufacture an inutrurnent to be 
used for a definite purpose ascertains first the exact optical and 
mechanical conditions, such as magnification, field c»f view, external 
dimensions, etc., which the finished instrument hiw to meet. The 
lens designer is then balled upon to produce an optical system which 
will not only satisfy the option requiremente, but also fit properly 
into the given mechanical system. Guided by certain principles he 
computes the shapes, sizes, and positions of the several elements of a 
lens system which will best meet the p^t^ilcribed conditions with the 
several types of glasses available; in the general dwign he relief not 
only on the results of computation, but also on the rtwuUa of previous 
computations, and on his general experience with optical systtuns. 

Having thus specified the shapes and of the several optical 
elements of the system, it is the task of the manufacturer to fashion 
the desired lenses and prisms from the platen of glam nweived from 
the glass factory. The glass is treated throughmH as a material on 
which certain operations have to be perfonned to attain certain 
results, just os brass or other metal which enters int<» the con- 
struction of an optical instrument m subjectetl to other operations 
to attain other desired rasulte. Kach material ii characterixed by 
certain properties which necewitate ipecial modea of treatment in the 
factory in order to attain the desired r^iilte. It i« the task of the 
optical engineer to prescribe the modes of treatomnt Imst atlapted to 
produce these resulte with optical glass under given fact<»ry condi- 
tions. It is not the purpose of the preient chapter to apecify and to 
describe in detail the manufacturing prt>c«e« lH*«t auitwl for the 
production of optical systems re{|uiriHi in optical mimitiona; hut 
rather to state in a general way the factory prcK'eclurcs ami ki empha- 
size certain fundamental principles, thereby dirocting atkmtion to 
some of the diffioultici which may arise in ca»e a great increase in the 
production of optical munitions is demanded a» a reiult of wsr»time 
conditions. 


PREPARATION OF GLASS. 


There is need at the present time for a comprehensive treatise on 
the manufacture of precision optics. The literature on the subject 
is scant and incomplete. The tendency in the optical trade is to 
keep secret all manufacturing processes and to overemphasize the 
difficulties encountered and the skill required to overcome them. 

In the following articles certain phases of the general optical 
manufacturing problem are described : 

Draper, H. On the construction of a silvered glass telescope 16i inches in aperture, 
etc. Contributions to Knowledge,_Smithsonian Institution, vol. 34, No. 1469, 1904, 

Ritchey, G. W. On the modern reflecting telescope and the making and testing 
o£ optical mirrors. Contributions to Knowledge, SiAithsonian Institution, vol. 34, 1904 

Therelfall, R, On Laboratory Arts, London. 

French, ~J. W. Trans. Opt. Soc. London, 17, 24-40, 1916; 18, 8-48, 1917. 

Rayleigh, Lord. Proc. Optical Convention, 1906, pp. 73-79. 

Halle, Bernhard. Handbuch d. praktischen Optik. 

PREPARATION OF GLASS FOR LENSES AND PRISMS. 

Before putting any raw optical glass into work it should be in- 
spected for defects, such as striae, bubbles, stones, strain, etc. ; other- 
wise unsatisfactory glass may be put into work only to be discarded 
later. During peace times, glass which is optically satisfactory and 
requires no further inspection can be bought ip the open market, 
but in time of war the inspection is necessarily less rigid and poor 
glass may be passed by inexperienced inspectors. This glass, unless 
reinspected at the lens factory and rejected, is put into work and 
eventually causes waste of energy and time. This situation occurred 
time and again during the recent war, and in at least one instance 
retarded production seriously. A remedy for this situation is the 
accumulation, during peace times, by the Government of a sufficient 
quantity of raw optical glass of good quality to enable manufacturers 
to use it until new production of raw glass on a scale commensurate 
with the needs is well under way. 

After the quality of the raw optical glass has been approved by 
the inspector, its preparation for lenses and prisms depends in part 
on the attitude of the manufacturer and on the sizes of the lens or 
prism elements to be made from it. It is. possible from a given block 
of optical glass either to saw out lens and prism blanks or to press 
blanks of approximately the correct shape. Many manufacturers of 
optical instruments are not equipped with lens-pressing plants and 
are required either to have the pressing done elsewhere or to saw 
out blanks from the plates of raw glass. In some instances the lens- 
pressing process has been found to be more economical than the cut- 
ting process; but, in others, the cutting process is superior and 
cheaper. 



In the grinding and polishing operations a certain amount of gloss 
is necessarily wasted, and, in determining upon the si^.es of the blanks 
to be used for the manufacture of lenses and prisms of delinite shapes 
and sizes, the manufacturer makes proper allowance for this wastage. 
The amount of excess stock needed depends upon the size of the lens 
and the curvature of its surfaces. In case prmsed blanks are to be 
used, several millimeters (3 to 8 millimeters or O.l to 0.3 inch) are 
added td each prism dimension to allow for irregular surfact^ and 
for pressing or molding defects; the actual allowance incretisee with 
the size of the prism. In low-power lenses of large radii of curvature 
several (3 to 6) millimeters are added to the diameter to allow for 
centering of the lens; in higher power lenses of 
p shorter radii of curvature an allowance of 2 

j \ millimeters to the diameter is suflKuent; \ milli- 

I \ meter extra thickness is allowed fon grinding on 

•' \^i each lens surface. Hiua for a lerw 20 milli- 



meters in diameter the lens blank should meas- 
ure 2 'millimeters thicker and have a diamettir 
1.5 to 2 millimeters larger; for a lens 75 milli- 
meters in diameter the blank should he 3 
millimeters thicker and have a diameter 4 to 6 
miUimeters larger to allow for cenkwlng. In 
case the blanks are to be sawed from plat<% of 
glass an allowance of several millimeU^rs should 


FiQ, 74.— Diagram iUuatraUng be allowed for each pritm face. For a given 

JLVt7o^purthTvSSre the cutting of the platMt 

of a lens, z la the thM- should be SO planned tiiat a minimum of glass 
wasted. The priams may be so cut tiiat the 
of oarvature; /ii and h$, hypothenuse faoc is normal t{», or parallel with, 
includes on angle of 80® or 45® with the Hat 
surface of tlie plate. Tim ii» and shape of 
the available plate of glass and that of the priiiM to bo cut frtim it 
are the determining factors in each case. 

In order to ascertain the weight of a lens or prism blank it is nec- 
essary to compute fimt ita volume and then its weight from the known 
specific gravity of the glass from which the blank i« to be made. In 
this connection the following formulae and tables are useful : 

The volume, V, of a lens of semidiameter a, thickneiw I, radii of 
curvature and r,, height of segments, 4, and a« indicattHl in 
figure 74 is 


y- 3 [3a3 (1 -- 4, - 4,) ± car, - 4,) h* ± (ar, 4,) 4/J 

in which the negative sign in the last two membara applif<« to concave 
ena surfaces, the positive sign to convex lens iurfaw*^. In this 
expression a> «. 4, (2ri - 4,) - 4,(2fa - 4,) . 



y-zra^ 




in which the negative sign is used for convex surfaces, the positive 
sign for concave surfaces. The values obtained with this expression 
are always too low; for <z/r = 0.243, 0.341, 0.415, 0.477, 0.532, 0.723, 
respectively, the percentage errors are 1, 2, 3, 4, 5, and 10. 

In the computations of the volumes and weights of lenses and 
prisms of different types of glass, Tables 15 and 16 are useful. 

Table 16 . 


No. 

Inches to 
centi- 
meters. 

Centlifae- 
ters to 
idches. 

Cubic 
centi- 
meters 
to cubic 
Inches. 

Cubic 
inches to 
cubic 
centi- 
meters. 

Wol 

Cubic oou- 
tlmotors 
water in 
pounds. 

ght. 

Cubic 
Inches 
water In 
pounds. 

1 

2.54 

0. 3037 

0.061 

16.39 

0.00220 

0. 03613 

2 

6. OS 

0. 7874 

,122 

32.77 

.00441 

.07226 

3 

7,G2 

1.1 Sll 

.183 

40.16 

.00661 

.10838 

4 

10. 10 

1. .5748 

.244 

65.55 

.00882 

.14451 

6 

12.70 

1. 0085 

.305 

81.94 

.01102 

.18064 

G 

1.5. 24 

2.3622 

.360 

98.32 

. 01323 

.21676 

7 

17. 7S 

2.7559 

.427 

114.71 

.01543 

.25289 

8 

20,32 

3. 1496 

.488 

131.10 

.01764 

.28902 

d 

22.86 

3.5433 

.549 

147.48 

. 01984 

.32514 

10 

2.5. 40 

3. 9370 

.610 

163. 87 

.02205 

. 30127 


In this table are listed the equivalents of centimeters (col. 2) to 
inches (col. 1) ; of inches (col. 3) to centimeters (col. 1); of cubic 
inches (col. 4) to cubic centimeters (col. 1); of cubic centimeters 
(col. 5) to cubic inches (col. 1) ; in columns 6 and 7 the weights in 
pounds of cubic centimeters and cubic inches of water, respectively 
(col. 1) are listed. 

Table 16. 


Specific 

gravity. 

Weight of cubic cen- 
timeter of glass. 

Weight of oubloinoh 
of gloss. 

Grams. 

Founds. 

Grams. 

Pounds. 

2.3 

2.3 

0.00607 

37.060 

0.08300 

2.4 

2.4 

.00529 

30.329 

.08671 

2,5 

2.5 

.00561 

40.008 

.09032 

2.6 

2.6 

.00673 

42.606 

.0939(3 

2.7 

2.7 

.00505 

44.246 

.09754 

2.8 

2.8 

.00617 

45.884 

. 10116 

2.9 

2.9 

.00039 

47.522 

.10477 

8.0 

3.0 

.00661 

49. 161 

.10838 

3.-^1 

3.1 

.00683 

50.800 

.11199 

3.2 

3.2 

.00706 

52.438 

.11561 

.3.3 

8.3 

.00728 

64.077 

.11922 

3.4 

3.4 

.(»760 

66.716 

.12283 

3.6 

3.5 

.00772 

57.356 

.12645 

.3.6 

3.6 

.00794 

58.993 

.1^ 

3.7 

3.7 

.00810 

60,632 

.18367 

3.8 

3.8 

.00838 

62.271 

.18728 

3.9 

8.9 

.00860 

63.900 

.14080 

4.0 

4.0 

.00882 

65.548 

.14451 
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In this table are listed the weights in grams and in pounds of 1 
cubic, centimeter and of 1 cubic inch of glasses of different specific 
gravities (col. 1) ranging from 2.3 to 4. In the case of specific 
gravities given to the second or third decimal place the exact values 
can be ascertained by adding to the appropriate value of Table 16 
the desired amounts read off from Table 15. Thus, the weight in 
pounds of a cubic inch of glass of specific gravity 3.62 is 0.13006 
(col. 5, Table 16) plus 0.0007226 (col. 6, Table 15), or 0.13078. 
In this computation careful attention should be paid to tlie decimal 
points. As a general rule, it is simpler to state all dimensions in 
the metric system; on the majority of ordnance drawings, however, 
the dimensions are given in inches, and in this case the foregoing 
tables are useful. The following equivalents are also useful in these 
computations: Ore ounce equals 28,36 grams; 1 pound avoirdupois 
equals 463.4 grams, 1,000 grama equals 2.204622 pounds avoirdupois; 
1 inch equals 2.540 centimeters; 1 centimeter equtUs 0.3937 inches. 

The volmnes of the several different typ^ of prisms in common 
use are readily deduced and offer no difficulty to the ct)mputer. 

The manufacturer having ascertained tlm volumes and weights of 
the several different blanks required for a particular instrument 
commonly adds a safety factor of 60 per cent to the total weights of 
optical glass required to cover losses from preparation of the glass 
for blanks, from pressing and other defects, frt)m grinding and 
polishing, from breakage, and from rejections. 

GRINDING AND MILLING OFBRATION8. 

In case the raw glass plates available are of hregnlor thickness or 
are too thick, it is necessary to out off thin plates or to grind or to 
mill the plates to the correct thickness. Of thtwe procewM grinding 
is commonly adopted and consists essentially in grinding down by 
hand one side of each plate with coarse emery or carborundum on a 
rapidly rotating, plane, cast-iron disk. A seriei of inch plates, 
ground on one side and of about the swne thickneis, are mounted 
on a flat cast-iron plate or disk with blocking pitch (mixture® of 
pitch, pine tar, rosin, shellac, Venice turpentine, and b©«wax in 
different proportions depending on time of year and sbe of blocking 
tool) and then ground with emery or carbonmdum fiat against a 
horizontal, rotating, plane, cast-iron plate. During the first part 
of this operation the iron blocking tool is carefully watched and 
guided somewhat by hand in order to insure equal thickn« of all 
plates. Thicknesses are measured by means of a caliper; the dis- 
tance between the ground-glass surface and the surface of tlie iron 
blocking tool is measured at different points over the plate. The 
uniformly thick plates are then ground with finer abrasive; if ne©^ 
sary they are then remounted and the coarsely ground flat under- 



,ces of the plates reground with finer emery. For these grinding 
itions a large rotating, heavy iron disk 4 to 8 feet in diameter 
aerally used and serves the purpose well. In case the moistened 
five does not remain satisfactorily on the rapidly rotating plate 
.ddition of a little glycerine to the water is advantageous. 

L alternative to the grinding process is to mill the plates with a 
ond-charged milling tool on a milling machine. The milling 
is a solid or thick- walled, hollow cylinder of copper, or brass, or 
steel, 2 to 4 inches in diameter and 3 to 6 inches long. For 
ie cutting, the tool is charged with diamond dust which passes 
igh an 80-mesh but is retained on a lOO-mesh seive. The copper 
der is charged commonly by first cutting with a sharp engraving 
mounted on a fixture attached to a lathe, a series of closely spaced 
tudinal grooves or cuts which extend the entire length of the 
der and include an angle of about 45 with the radius. These 
resemble the chisel cuts on the copper disk saws described below 
serve the same purpose. The grooves thus cut are filled with 
ond dust mixed with thick oil; the cylinder is rotated slowly 
I a hardened- steel roller is pressed against it, and the grooves 
bus closed. The millers are recharged by the same method of 
ring and filling. Brass and soft-steel cylinders are harder and 
ommonly charged by direct pressure, the diamond dust of the 
oil mixture being forced into the metal by the action of a narrow 
med steel roller bearing heavily against the slowly rotating 
der. 

e diamond-charged mDlmg tools are mounted in a Tnilling 
ine and t*he glass plates are carried forward ph a moving bed 

ordinary milling' operations. Kerosene, or some soap com- 
d serves as lubricant. The tools are run at high speed from 
n several thousand revolutions per minute and care is taken 

0 take too deep or too fast a cut otherwise the tool may chatter 
n certain instances shatter the plate. 

iss plates having irregular flat- surfaces can be rapidly cut down 
□per thickness with plane parallel, sides by a miller of this type 

1 is in common use in many optical grinding plants at the present 

It is possible by means of two heavy brass plates one-fourth 
thick mounted on an arbor and charged with diamond diist 
on the end and down the sides to make a straddle mill jfor 
ig blocks with parallel sides. In this case care should be taken 
)unt the glass blocks securely. 

THE OUTTINa OF OIJLSS. 

►m a thick plate of glass slices or strips of ^ass of given thiok- 
ire commonly cut by means of saws., specially designed for ,the 
>se. A great variety of such saws are in use; fhey are cpnuuQnly 
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disks of thin metal, such as copper, brass, tinned or untinned soft 
sheet iron or steel, impregnated with fine diamond dust. The speed 
and lubrication of the saw depend somewhat on the way in which 
the diamond dust is embedded in it. 

In one type of diamond saw fine diamond dust (80 to 100 mesh) 
mixed with thick oil is introduced along the periphery of the saw by 
filling it into fine crosscuts made with a sharp chisel edge and then 
closing the cuts by means of an accurately fitting hard-stc^el roller 
pressed against the edge of the slowly rotating-disk. The cuts are 
made commonly by hand and in direction are intermediate between 
radial and tangential cuts. During the cutting operation the disk, 
which is generally of copper and of stock one-sixteenth inch thick for 
saws up to 5 or 6 inches in diameter, and correspondingly heavier for 
larger saws, is held firlnly between two plates oii an arbor in the 
lathe, the rim of the copper disk ox tending one-eighth to one-fourth 
inch beyond the plates. With this metlfod of mtiunting the plate 
retains its shape during the charging process. The edge is commonly 
rounded slightly and the transverse cuts Ere made m close togetlier 
as possible. In operation the saw is related against the cute. A 
saw (jf this type, properly used and well lubricated, should last for 
many days. Kerosene or some soap compound is used as cooling 
lubricant and, if high speed be used, is squirted under pressure in a 
steady stream against the saw cut in the glass which is thus kept 
cool and does not become overheated. Speeds of 1,(KK) revolutions 
per mmute and even greater with small saws ar(\ satisfactory, Saws 
of this type cut readily through glass plates at the rat('> of one-half 
inch or more per minute; as the saw wears down it Hhould be fed more 
slowly. Too much pressure on the saw cuts out the diamond dust 
and causes trouble. The saw should always bemr against a fiat sur- 
face and not against a sharp edge of glass; otlierwise it is liable 
to be bent or damaged. 

A variation of this type is made of brass disks one-sixteenth inch 
thick for 4-inch saws and three-thirty-sec^mds incli thick for 0 or 7 
inch saws. Except for an outer ring one-eighth inch wide, tlie thick- 
ness of the metal disk is reduced slightly by cutting on a lathe in 
order to afford clearance and thus to reduce friction in the rapidly 
rotating disk during the glass-cutting operalicui. Even when 
no effort is made to insure a thicker rim, the filling witli diamond 
dust by the ordinary process accomplisluw the purpose U) an appre- 
ciable degree. The edge itself is flat and i« chargc’d with diamond 
dust (80 to 100 mesh), mixed with heavy oil, by means of a hardened 
steel roller pressed against the edge while the disk mount^ni between 
circular plates is slowly rotated in the lathe. The disk k then 
mounted against a flat plate on an arbor mui the powder is preyed 
into its rim on each side of tlie plate by means of tlie steel roller. 



Small disks of this type in operation may be rotated at from 2,000 
to 3,000 revolutions per minute and are lubricated along the cutting 
edge by a stream of kerosene under pressure. 

Diamond-charged saws of the above types may be mounted in 
series on an arbor of a milling machine and a multiple gang saw thus 
obtained which cuts from a glass plate a series of strips of definite 
thickness. These strips may then be mounted in a supporting 
frame and cut crosswise into small square plates suitable for the 
manufacture of lenses after the corners have been chipped and ground 
off to obtain disks of the desired diameter. 

In other saws a thick mixture of coarse carborundum powder and 
water is fed against the cutting edge of the rotating metal disk 
(commonly of sheet iron) and the glass plate is thereby cut with fair 
speed. The abrasive may be fed to the disk by having it dip into 
the thick carborundum-water mixture contained in a pan below the 
wheel. 

Thin carborundum wheels running at a fairly high rate of speed 
have also been successfully employed for cutting glass plates. 

In all cases the speed of the cutting saw and the rate of feed of 
the cooling lubricant should be so adjusted that a rapid and satisfac- 
tory cut is obtained without crowding the saw too severely and 
without chipping the glass seriously. The glass plate should be 
securely mounted on a support relatively free from vibrations. 

. In, the case of thin plates of glass the crosscut sawing operations 
are generally dispensed with and the cuts made either with a glazier’s 
diamond or a steel-wheel glass cutter. 

EDGING OP DISKS. 

Square plates of the desired thickness are made into disks by 
cutting and nipping or grinding off the corners. The usual practice 
is first to cement a number of such plates, cut and nipped to approxi- 
mately circular shape, with paraffin into a columnj an alternative 
is to use the plates dry or with a thin film of moisture on each surface 
and to hold them in place by a spring against the end of the column; 
to mount the column on a rotating axis and to have this play first 
against a carborundum grinding wheel which removes all corners 
and produces finally a column of uniform diameter. For the fine 
grinding operations either a fine grinding wheel or a diamond-charged 
miller is used. 

An alternative method for the production of glass disks is to cut 
them directly from the glass plate on a drill press. For this 
purpose a hollow cylmder of brass or soft steel of the proper diameter 
and 2 millimeters thick is used. Several longitudinal grooves 4 or 6 
centimeters long and 2 to 3 millimeters wide are cut into the sides 



of the cylinder; along these grooves the thick mixture of carborundum 
powder (150 mesh) and water is fed to the cutting edge, which may 
be a smooth or a serrated edge. The glass plate is mounted securely 
to the bed of the drill press; the cylinder grinding tool is attached 
to the axis of the drill press and is rotated at about 500 revolutions 
per minute. The glass disk is cut out as in an ordinary drilling 
operation, the rate of cutting being about 1 millimeter per minute. 
The diameter of the cutting tool should be slightly larger (1 to 2 
millimeters) than that desired for the glass disk. In operation a 
relatively large amount of the thick abrasive paste is used and is 
continuously worked over by bond and forced down the feed grooves 
of the rotating tool. Cyliniricai tools in which the cutting end and 
rim are charged with diamond dust may be used in place of the 
carborundum; but in tliis case care should be taken te have lt)ngitu- 
dinal grooves both inside and out m well as Indentations along the 
cutting end to provide for adequate circulati{»n of the kerosene or 
soap-compound lubricant. 

A more primitive method for edging glass disks preparatory to 
lens grinding is to cut the glass plate into sqimrw with a glassier’s 
diamond point, to cut and chip off the corners tjf each square with a 
pair of pliers, to cement it then with sealing wax or shellac on one 
end of a rod of metal or wood, to mount the rod in a lathe; and 
then with a mounted diamond point or a sharp thrtHW’ornered tool, 
made by grinding smooth the surfacw of a three-cornered file, to 
chip off carefully the protruding comers of the disk rotatir^g with a 
surface speed of not over 10 feet per minute and tlm« gratlually to 
work it down to a smooth circular edge. During this tjperation the 
glass edge should be kept moiatened with kerosene or turpentine. 
A grinding-wheel attachment can also he uatnl and with it the edge 
can be ground down to a circle of the proper diameter. 

Prisms are commonly sawed from glum plates. The particular plan 
to be followed in order to waste as little glow m fawiblo w detennined 
in each case by the dimensions of the glass plate and by tlie nbape 
and size of the prisms to be cut from it, The use of the milling 
machine for precision work in grinding prism surfacen will he con- 
sidered in a later section. 

TH» FEHSSINQ OF LlNiKB AMO miSMM. 

In many optical shops the raw glass m molded firot int 4 j the approxi- 
mate lens or prism shape and aiM before it is given t 4 » the pinderw 
and polishers. The pressing into blanks tlu» avoidu the rutting and 
grinding operations described above, and wore it not for certain 
defects which are thereby introduced, such a^ ftdds, fcatheni, and 
other pressing defects, and poor annealing, Uiere is no doubt that 
the pressing method would be used to t>ie exclusion tff all others. 



Special furnaces and presses are required, but the great saving both 
of glass and of grinding operations more than offsets the initial 
expense. 

Raw-inspected optical glass which is to be pressed into lens or 
prism blanks of a special size is first cut or broken into fragments 
of the required weight. For this purpose steel trimming blocks (fig. 
52, p. 172) .are used with weigh ted, soft fiber or celluloid hammers ; the 
sharp edge of the steel trimming block serves as contact point for 
the glass plate; a sharp blow with the celluloid hammer on the upper 
side of the glass plate at a point between the edge of the steel block 
and the hand supporting the plate suffices to fracture the glass plate 
at the desired point. The glass is first cut with a glazier’s point into 
sections of about the correct weight. Each section or fragment is 


Fig. 75.— The pressing of small lenses and prisms. (Photograph by J. Harper Snapp at plane 
of Bausch & Lomb Optical Co.) 

then trimmed to the exact weight, as determined on a small beam 
balance, on the one pan of which either a pressed blank or its equiva- 
lent weight is placed. In the trimming operations all sharp angles, 
especially reentrant angles and bruised or cracked portions of the 
glass fragment are trimmed off, in order to avoid folds during the 
melting down of the glass. The finished glass fragments are placed 
in a properly labeled tray in which they are transferred to the pressing 
department. 

Large pieces of glass for large lenses or prisms are placed in a 
preheating kiln and gradually heated over night to a dull red heat; 
smaller pieces, intended for eyepiece and other small lenses are pre- 
heated directly in the pressing muffle furnaces. The muflde furnaces 



are heated from each aide (fig. 75) by a compreased-air gaa jet which 
playa against the refractory arch crown of the heating chamber; 
the glass fragments to be melted down are placed on a baae-plate of 
refr^ictory material and are heated chiefly by radiation from the 
crown of the furnace. The operator stands in front of the furnace, 
which is built at a height convenient for ease of operation, and 
watches the progress of melting of the glass fragments. In order to 
prevent these from sticking to the refractory baae-plate a thin layer 
of fine powder (clay, alumina, mica, talc, graphite, or a mixture of 
these) is spread over the plate; this powder adhen^a to the molten 
glass and, like flour on sticky dough, effectively coate its outer 
surface. The disadvantage of using powder for this purpose lies in 
the fact that the operator in shaping the irregular glass fragment as 
it gradually softens is liable, by too much working of the gloss, to 
infold some of the" dust-laden surfaces; so that they appear in the 
finished lens or prism blanks as pressing defecte. With careful 
operators the rejections of pressed blanks because of pressing defects 
are not high; but a careless or inexperienced operator may spoil a 
large number of blanks in a short time if left to himself. 

In the muffle furnace the glass is allowed to become reasonably 
soft. In the majority of muffles the heating is from the top down; 
but in others the base-plato itself is heated in addition. This results 
in a more uniform melting of the glass fragment. In all caseH, however, 
the top surface softens first and flows down and tcHuls to spread out 
over the base-plate. The operator prevents it from doing this by 
the use of flat iron paddles or rods with flat ends (fig. 75) ; witli these 
the glass mass is molded approximately to the shape of the mold in 
which it is to be pressed. ■ In the case of lens blanks he endeavors to 
produce a round disk of a diameter somewhat greater than tliat of the 
finished blank; in the case of prism blanks he shapi^ tlu' soft glass 
into approximately the desired prism shape, 

The softened glass, properly shaped, is slid along the base-plate 
to the cast-iron mold and is transferred in it to a plunger operated 
either by foot power or by comprtwjed air or by hydraulic pressure. 
Presses for small lenses are commonly pmmmatic presses; for larger 
work hydraulic presses ore preferred. The in»n mold, in which 
the softened glass is shaped, is preheated by mtmiw iff gas hurnera 
in order that the glass bo not too rapidly chilled. In all prwsing 
operations it is essential that the rate of ccading he not Um rapid, 
otherwise fine surface crackling rwulte which can not lat4'r be removed. 

The pressing molds are commonly made of emt iron and serve 
the purpose well. (Big. 76.) The chief difficulty encountered with 
their use is the tendency of the glass blank to stick in tht^ mold; it ia 
then removed by tapping the mold. In the case c»f small molds it 
has been found advantageous to make them of tcwd steel and to place 


bottom a closely fitting plunger to which is attaclied a short 
lat extends through the bottom of the mold. These molds 
3 made more accurately and with better finish than cast-iron 
The blank after pressing in this kind of mold is removed by 
ig the extension pin of the plunger against the furnace plate; 
lises the plunger and the glass blank is thereby loosened and 

pressing furnaces are made of different sizes depending on the 
■ blanks to be pressed. In the small muffles provision is made 
! addition of an upper compartment to keep the sheet-iron tray 
; of small blanks hot until the tray is fuU and ready to be trans- 
to the annealing furnace. Provision is also made in most 
les to shield the operator from the furnace heat. There are 
snt ways of doing this; in one, a series of chains is hung in 
3 f the furnace, but they are interrupted at one point by a sheet 
,t-resistant glass through which the operator sees his work; an 



'6.— Molded prism and lens blanks; and the molds for pressing them. Frank/ord Arsenal.) 


:d fiowing, forced current of air conducts the heat away from 
lains; in a second type a stream of fresh air is blown agamst 
Derator, and passes between him -and the furnace; in a third a 
curtain is employed. 

actual pressing operations a number of fragments are kept in 
so that there is always one fragment practically ready for the 
The output varies with the size of the blank. Thus an 
ge output per press per working day is 2,000 or more eyepiece 
ilanks or spectacle lens blanks; 800 or more binocular prism 
s, 150 large refiecting prism blanks 2 to 3 inches on a side, 
er skill is also required to produce the larger prism and lens 
s. 

) method proposed by Capt. H. C. Fry, jr., to avoid the appear- 
of dusty surfaces and consequent folds and laps in pressed 
s, by heating the glass fragments on the end of a punty in a 
hole and paddling the softened glass gradually into shape with 


flat copper or iron tools, has been tried out in a small way by the 
Bureau of Standards. The method produces clear, clean blanks, 
but it is slow and obviously best adapted for large blanks and less 
suitable for small lens and prism blanks. It may, however, be 
possible to develop a production method based on this principle 
which will meet the factory needs better than those at present in use. 

In the pressing of large blanks the operator has constantly to 
guard against a too rapid heating of the outer surface and conaequeht 
flowing down and spreading out of the glass, otherwise folds are 
certain to appear. During the actual pressing operation, the speed 
of the plunger, which is kept hot by means of a gas flame, should be 
so regulated that the glass is properly pressed without the appear- 
ance of heavy surface crinkles or of fine surface cracks in the pressed 
blank. The pressing operation is in all cases a violent procedure. 
The soft glass when placed beneath the press has the consistency of 
thick pitch; the plunger descends and, in a period of time generally 
less than a second, the irregular mass of glass is forced to flow and 
to fill the mold. The soft glass tends to flow under these conditions 
somewhat as a lava flow, namely, in waves; with the r^ult that in 
many instances the powdered surfaces are infolded and spread out 
in the direction of flow. A “feather” results, and the blank is 
rejected. 

It appears that careful study of the factors involved in the pressing 
operations should enable the factoiy engineer to preicril>e a better 
routine practice than the present method and thus avoid a certain 
percentage of the rejections which occur in pressed blanks. 

The procedure for the annealing of prmed blanks is described in 
detail in Chapter III and need not be repeated here. vSuffice it to 
state that in the annealing of large blanks careful attention should 
be given to the attainment of uniform temperature at tlie {>r»rrihed 
amgealing temperature and also to the rate of ccnding in order that 
appreciable strain be not then introduced. 

THB GKINDING AND POUSIKNO OF PIlISMft. 

Prisms intended for use in optical instruments are glans bcsliiw of 
geometrical shape and bounded by flat surfaces. In precisian optics 
the prisms must be of defimte dimensions; their surfac#i must be 
optically flat and the interfacial fmgles must be corrtv.t within a few 
seconds of aro in certain instances. Tliwe conditicms are <lifficult 
to meet and nice attention to details is essential to prtwluce the 
desired results. 

The first operation in the grinding of prisms, whether in cut or in 
pressed blanto, is to grind flat one of the surfacm which in the finished 
prism is a side or end surface and k left a» a frosted, unpolished 
surface; in a right-angled prism, for example, th»e «urfac« are the 


triangular side surfaces. This ground surface serves as a surface of 
reference for future operations. The rough finding is commonly 
done by hand on a large rotating, horizontal iron disk, 3 to 5 feet in 
diameter, and rotating fairly rapidly. Coarse emery, or carborun- 
dum, or crushed steel either 90 or 150 mesh is used. 

The prism surfaces at right angles to the first base surface are 
now roughed out in similar manner; the angles between the surfaces 
are checked by means of accurate angle gauges. 

A number of rough-ground prisms (20 or more) are mounted with 
the ground faces in contact with a heated flat iron disk; a thin layer of 
beeswax, paraflin, or rosin and beeswax serves as cement. (Fig 77 ) 
The disk is allowed to cool down and the second side surfaces of* all 



f». m -Tht bWitaff »f prtims for rottgh grinding. Angb plates Into wlMch par- 
tWIy flaWiM prisms are fitted fw the plndlng of additional faces. Prisms 
cemented to a fiat plate preparatory to grinding ore also shown. (Prankford 
Ar»«nal.) 

prinmM are then ground down together, the tool being either held or 
gijidetl by hantl so that the newly ground surfaces are parallel with 
the flrat Hurfacw. (Fig. 78.) The^e surfaces are first ground with 
ccmr«© emery or carlHirundum of 90 mesh; then successively with 160 
nienh, 220 and smoothing abrasive. In each case the change 

from a coarHer h) a fine abrasive ia made when examination of the 
ground surface shows it to be free from scratches and of uniform 
granularity ; the etiges should be free from chips. The coarse grinding 
is tionti on a large horizontal iron disk; but for the fine grinding 
flat iron diaka about 18 inches in diameter and rotating at about 
half the spi%e«d of the large roughing plates are used. The smooth 
grinding of the second side iurfaccs having been finished, the prisms 




MANUrAOTUEB OF LBNSKS AND PRISMS. 

are remounted and the first side surfaces are regrmmd until the prism 
has the prescribed thickness as measured by a gauge or caliper 
directly bn the mounted prisms. In all grinding operations it is 
essential that care be taken not to mix the grades of abrasive; for 
this reason the operators work with uprolled sleeves, and commonly 
use only one group of abrasives, either the coarse or the fine; thus the 
rough grinders operate only on the largo roughing disks. The plates 
are scrupulously cleaned before passing to a finer powder, in order 
that no single coarser grain be left to produce Bcratches. 

After the two side surfaces have been ground and smoothed bo 
that all prisms are of uniform thickness, the prisms are thorougldy 
cleaned and are then cemented with beeswax or paraffin, side by 


Fio. 78.— The ro^i|h grinding: of a Wnek of prism®. (Frankfitrd Anwrml.) 







paraffin melts on it. Small flat pieces of glass are first placed around 
tlie edge of the tool, then the prisms are grouped over the tool, the 
face in each prism to be polished being placed down on the tool in 
the paraffin. The smallest face is commonly the first to be blocked; 
thus in a right-angled prism the side surfaces are polished before the 
larger hypothenuse face. The prisms are pressed firmly against the 
tool and allowed to cool; the exposed surfaces are then painted with 
a thin layer of beeswax. 

A brass ring or band is now clamped around the tool; its height 
should exceed that of the largest prism on the block. (Fig. 79.) 


Fia. 79. — Prisms in process of blocking with plaster of paris for polishing. On the rlght'there is a 
block of prisms ready for polishing. (Frankford Arsenal.) 

The basin thus formed is nearly filled with a mixture of water and 
plaster of Paris. For some purposes the plaster of Paris is mixed with 
a little Portland cement in the proportion 10 to 1. A fiat iron disk 
is placed, with four or more holes drilled through it, on top of the 
cement; the holes are filled with the plaster mixture. The cemented 
block is allowed to set and harden for about 16 hours. The hardening 
process can be expedited by placing the blocks in a drying cabinet 
together with phosphor pentoxide or calcium chloride. 

After the cement has set, the iron plate is heated to the melt- 
ing temperature of the paraffin and the plaster block is slid off the 
iron plate. The prism surfaces to be polished are now exposed. 






MANUrAOTURE OF LENSES AND PRISMS. 

Th© plftstcr is cut awfty to ft depth of oii6”6i^hth inch from th© 
prisms so that they alone touch the grinding and polishing tools. 

The optically flat, thick iron blocking tool is cleaned and heated 
to the temperature of melting beeswax. The plaater block with the 
carefully cleaned prisms is placed face down on the boated iron disk; 
in certain instances it is advisable to boar heavily down with a screw 
press or with added weights on the plaster block in order to insure 
strict parallelism of all exposed prism surfaces, after the block has 
cooled. The cold block is removed from the tool; the plaster is 
coated with two coats of shellac in order to shield it from water 
during the grinding and polishing operations. After th© shellac has 
become thoroughly dry the block is ready for fine grinding. (B"ig, 79.) 
For this purpose a slightly convex grinding plate is used rather than 
a perfectly flat plate, so that the surfaces after fine grinding will be 
slightly concave. Experience has shown that it is easier to polish 
from slightly concave to piano or from the margin to the center than 
vice versa. The grinding plate may well be smaller than th© prism 
block. The amount of depression between center and margin in a 
prism surface after fine grinding should be leas than 0.001 inch. 

Flour emery for finishing is obtained by washing emery, which has 
been used in previous operations, in clean water and allowing it to 
settle out. The longer the time required for the settling, th© finer 
the emery deposited. For the final finishing, emery that remained 
in suspension for 10 minutes but had been deposited at the end of 60 
minutes is commonly used. Different methods are in use at different 
factories for the grading of emery and of carborundum, all of which 
depend on the rate of settling of different sized particles of the abra- 
sive in clear water. Difficulties are encountered because of the ten- 
dency of thin flakes to float, to remain in suspension, or to adhere to 
the sides of the settUng tanks. It is a good plan to rcclawify ©acli 
fractional settling to insure, so far as poasibhs the elimination of 
larger particles which might cause much damage. In the case of 
carborundum the grading is especially difficult, but with care it can 
he satisfactorily accomplished.^ 

The fine grinding-tool is rotated relatively '’slowly; the fine emery 
and water are rubbed over it, the prism block is placeti upon it and 
is rubbed and rotated evenly over the plate ho that all Midca of th© 
block are equally ground. Care should be taken to ketq) the emery 
wet, because, if too dry, it tends to form spherical or balk 

which then scratch the surfaces badly. After grinding for five min- 
utes the prism surfaces should he cleaned and inapeottHi with a mag- 
nifying glass. If they appear free from »cratchc« and pite and the 
surfaces have a uniform velvet finish, they are ready for jHilwhing, 
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after they have been thoroughly cleaned with a brush and every 
particle of abrasive has been removed from the prism block. 

The polishing tool is prepared by melting clean strained Nor- 
wegian pitch to which a little rosin has been added and pouring the 
viscous liquid on a flat horizontal iron tool to a depth of one-fourth 
inch. Strips of wet paper placed around the edge of the tool prevent 
the pitch from overflowing. In cold weather add a little pine tar to 
the pitch in order to soften it slightly. After the layer of pitch has 
become cold two series of parallel grooves, mutually perpendicular, 
about one-eighth inch wide and 1 inch apart, are cut into the pitch 


Fia. 80.— Polishing a block of prisms and a block of lenses of large radius. (Frahkford Arsenal.) 

surface. The pitch is then reheated sufficiently to soften its upper 
surface upon which then a cold, flat, or slightly concave iron tool 
is pressed, which is moistened with a creamy mixture of water and- 
rouge or dilute glycerin to prevent its sticking to the pitch. This 
imparts to the pitch surface the exact negative of the surface of the 
iron tool. The iron plate may be pressed against the pitch surface 
directly after the flrst heating if desired, and the grooves cut in 
afterwards. (Fig. 80.) 

Instead of an iron blocking tool Ritchey ^ uses blocks, consisting 
of nicely dovetailed oak pieces, made in layers and impregnated with 
paraffin to prevent warping. These blocks change their shape to a 
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MANUFACTURE OF LENSES AND PRISMS. 

less degree with change in temperature than do the iron blocks and 
for certain kinds of work arc preferable. 

With a slightly convex polisher the tendency to polish a convex 
surface because of the greater action near the periphery of the 
polisher is counteracted. A similar effect can also be attained by 
increasing the width of the grooves toward the margin of the polisher. 
In the polishing operation a small quantity of a thick, creamy mix- 
ture of rouge and' water is spread over surfaces of the prisms in the 
blocks mounted on a polishing machine so that its axis of rotation 
is vertical. Upon it is placed the polisher which is attached above 
by a pin in a socket at the center of the polishing disk to an arm 
which moves it back and forth across the rotating plaster block. 
The pohsher is free to rotate and does so in the same direction 
as that of the rotating plaster block. When short strokes of the 
polisher are used the greatest wear is at the center of the plaster 
block and the prism surfaces tend thereby to become concave; 
when long strokes are employed so that the polisher extends well 
over the edge of the prism block tine gi'catest wear ia along the 
periphery of both polisher and block, and the prism aurfacM tend 
then to become convex. 

The polishing process is necessarily slow. Precision polishing 
requires slow movements and well-lubricated surfaetB to prevent the 
heating up of glass surfaces. If the polisher runs hot, as is the case 
with spectacle lenses, the exact figure is lost and only low precision 
work can be obtained. In all precision optical work patience is 
essential. 

The polishing tool is commonly of slightly smaller diameter than 
that of the block of prisms. A circular stroke of the polisher h 
generally employed but a straight chordal stroke may lie iwod with 
success when certain precautions are taken. Corrections for slight 
curvature of surface are usually made by lengthening the stroke of 
the polisher in case the surface is slightly concave, and dee4*eaaing 
the stroke in case the prism surfaces are slightly convex. It ia 
possible, however, to use the same length of stroke and to correct for 
curvature by changing the curvature of the pitch surface of the 
polisher. 

The time required to polish a block of prism aurfaeuw depends some- 
what on the size of the block and on other details; commonly four 
to eight hours suffice. The prism surfaces should be inspected with 
a magnifier for quality of surface polish, Mpocially for froetlom from 
scratches, small pits, and grayne^® of surface; and for flatness of 
surface by means of an optically fiat test plate. When a te«t plate 
is placed above a prism surface and moved bo that it is practically 
parallel with the prism surface the Newton interference colore of thin 
air films appear. (Fig. 81.) If the interference bands are perfectly 



rOLISHIJNG OF FKISMS. 


straight to the extreme edge and, when the surfaces are in a more 
nearly parallel position, only one interference color is seen to extend 
over the entire plate, the surface is sufficiently flat. The use of a 
monochromatic light source, such as the sodium flame or the green 
mercury lamp when viewed through a mercury green filter, facilitates 
the observation of interference fringes. 



Fig. 81.— Spherometer and test-plates for measuring radii of curvature of lenses. The test plates 
show the Newton color fringes. (Frankford Arsenal.) 


Toward the end of the polishing process the polisher is run nearly 
dry in order to give a perfectly grainless polish. 

The prisms are removed from the plaster block by first breaking 
the block itself away from the iron plate with a chisel, and then by 
tapping the plaster block with a hammer lightly; it breaks apart 
easily and the prisms are readily separated from it and are then 
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cleaned with benzene or gasoline to dissolve off the beeswax or 
paraflSn. 

The next operation is to test and, if necessary, to correct the angle 
between the polished face and an adjacent finely ground but unpol- 
ished face. One arm of an angle gauge with the required angle is 
placed against the unpolished face and slid down it until the second 
arm comes into contact with the polished face. If tlie prism angle 
is greater or less than the prescribed angle, light can be seen between 
the gauge arm at the near or far side of the polished surface. The 
angle is corrected then by hand by grinding with smoothing emery 
on a flat tool and by pressing upon the end that is high. It is not 
possible to correct prism angles satisfactorily by polishing alone. The 
correction of angles by handwork must bo carciully done, otherwise 
errors may be introduced which can not be remedied by polishing 
alone. As soon as the prism angle has been satisfactorily corrected 
the prism face is ready to be polished by the process outlined above, 
The reason for starting the polishing with the smallest face is now 
obvious; it is the most difficult face to grind os a flat surface by hand, 
and its correction by hand for angle is therefore less favorable than 
that of the larger surfaces. 

The foregoing operations are carried out for all faces of the prism. 
In the practical operations experience is required to know exactly 
when to stop one operation and to begin another, as, for example, 
when to change from one size abrasive tt) the next finer grade; dso 
to know the optimum speeds at which to grind or polish with different 
sizes of blocks and with different types of glass. 

In many instances better results are obtained by polisldng Che 
prism in mounted blocks rather than individually. Thus in the case 
of the Dove reflecting prism, which serves in the vertical rotating 
prism of the panoramic sight, the* end surfaces are relatively small; 
the prism is in fact the truncated base of a loi^e right-angled reflect- 
ing prism. Better results are her© attained by cementing strips of 
plane-parallel plates of glass to a series of tliese priims and thus by 
completing the right angle to produce a much largcu* bearing surfaw 
and correspondingly greater accuracy. In case it is not d^ired to heat 
up the prisms in the cementing operation, sodium silicate may be, 
and has been used successfully as a cement; the glass strip cemented 
with sodium silicate is removed finally by grinding. 

Roof-edge prisms, such as the elbow priSm in the panoramic sight, 
are best polished in pairs. The final corrections for angle are com- 
monly made by hand on one surface only; a high d^ree of skill is 
required to produce this type of prism. 

The chief difficulty encountered in the production of optical flat 
surfaces is not the grinding and polishing of these surfacM to the de- 
sired precision in the mounted block, but the fact that on removing 


cause the optical surfaces to warp and to lose to some extent their 
optical quality. The release of strain is, moreover, not instantaneous, 
but takes place ^aduaUy, so that the surfaces may continue to 
change slightly for an appreciable period of time. The cement with 
which the glass is cemented has a coefl&cient of expansion different 
from that of the glajSS and on cooling strains the glass unequally. 
Efforts have been made successfully to overcome this difidculty by 
cementing the flat surfaces to the flat tool, preferably of glass in this 
case, by optical contact or by capillary attraction using for the pur- 
pose a thin film of liquid. 

The plates may also be weighted with pieces of lead and then 
cement (rosin and oil) placed around each plate. To enter further 
into the details of these methods, which are especially useful in the 
preparation of sextant mirrors, would lead too far in the present gen- 
eral description. Suffice it to state, it is possible by giving proper 
attention to manipulation to cement many surfaces by optic^ con- 
tact and thus to avoid the troubles arising from the use of ordinary 
cements. It is common practice, for example, to cement by optical 
contact the surfaces of two roof-edge prisms which are to be polished 
in pairs. Surfaces tq be placed in optical contact must be chemi- 
cally clean. A very slight warming of an optically flat surface of a 
plate or prism causes it to warp and become slightly convex momen- 
tarily; a warm prism or plate placed against the optically flat surface 
of a tool causes the tool surface to expand, and hence to become con- 
vex upward. Under these conditions optical contact between the 
two surfaces is first established at the centers, and on slight cooling 
readily excludes the thin film of air which under ordinary conditions 
is liable to be entrapped and thus spoil the optical contact over the 
entire area. The placing of optically flat glass surfaces into optical 
contact is, however, an art which can be acquired only by practice. 
Pressure clamps are applied in certain cases to force the two flat 
surfaces gradually into optical contact. 

The strains and movements which result on embedding the prisms 
in a large mass of plaster of Paris have been reduced to a certain 
extent by using specially constructed iron gratings or ribs. These 
divide the entire block into a series of small compartments each one 
of which is filled with the plaster of Paris; the iron walls reduce the 
irange of action of strains which may be set up on the setting of the 
plaster. 

PRECISION MILLING OF PRISMS. 

During the war an ingenious method for the nulling of precision 
prisms was developed by Capt. W. R. Ham, of the Ordnance Depart- 
xuent, and was successfully used for the production of the elbow, 
vertical-rotating, and rotating head prisms of the panoramic sight. 
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For the purpose a precision milling machine is essential. Diamond 
charged cylinders of brass and of soft steel are used for the milling 
operations. The brass cylinders are charged with coarse diamond 
powder (80 to 100 mesh), the soft-steel cylinders are charged with 
the fine diamond dust which has remained in suspension in water for 
five minutes. In each case the diamond dust is rolled in by means 
of a narrow, hardened, steel roller. The charged cylinders, about 2 
inches in diameter and 3 inches long, are then rolled between three 
hardened steel rollers, accurately mounted and exerting heavy pres- 
sure on the charged cylindor, which is thus straightened and rendered 
of uniform diameter. This is essential for precision work. 

The glass which is to be ground to prism shape is them mounted in 
a fixture. Accurate settings for position are made commonly by 
reference to a finished prism of acceptable quality and mounted on 
the same axis with the prism to be ground. An autoeollimating 
telescope of high resolving power is sighted on a finished prism and 
determines the amount of rotation necessary to pass from one prism 
face to a second. The coarse brass cylinder mill is first usetl, then 
the fine soft-steel mill for the finishing cuts on each face. The faces 
thus prepared are remarkably accurate in position and are ready 
without further preparation for blocking, which if properly done 
practically insures satisfactory interfacial angles betwc'tm the finished 
prism faces. The application of this mc'thod imumH a considerable 
saving of time and energy in the making of diflicult prisms, such as 
the roof-edge reflecting prism, the ponta-prism, aiul other (*.omplex 
prisms, especially prisms having roof edges. 

THE GRINDING AND POLISHING OF LENSES. 

The methods for grinding and polishing lensw depentl to a certain 
extent on the shape and size of the lenses to 1^ produced. In this 
section lenses up to 3 inches in diamekr only will he conaidered. 
The grinding and polishing and figuring of larger kdeacope lerwea is an 
art in itself which enters but little into tlie construetion of the optical 
systems required in military instruments intended for field use. In 
the case of the smaller lenses, 3 inchw or lw« in diamter, fiat lenses 
with surfaces of large radii of curvature are handled tUfferently from 
lenses with surfaces of shorter radii of curvature, the reaion for 
this being that the flat lenses can be mounted in hlocks or ahelli of 
the desired radii of curvature whereat the lensei of the second group 
are commonly of such steep curves that they have to he ground md 
polished individually. 





Disks or pressed circular blanks intended for lenses of relatively 
flat curvature are ground and polished in groups mounted on specially 
prepared blocks called shells or tools. These tools are made either of 
cast iron or bronze and are turned to the desired radius of curvature 
in a lathe or other machine specially constructed for the purpose. 
For each radius of curvature at least one convex and one xsoncave 
tool are used and commonly two of each. The convex and concave 
tools after turning to the desired curvature are ground together with 
an abrasive in order to render them more accurately spherical. In 
case the radius of curvature is slightly too long — ^in other words, the 
tools are too flat — they are deepened by grinding with a short rocking 
stroke during the rotation of the tool and polisher; if the tools are 
too deep, a wide stroke of the upper tool by which it overhangs part 
of the time well beyond the periphery of the tool below is used. 
Furthermore if the concave tool is on top serving as grinding tool the 
radii of curvature of both tools are shortened; if the convex tool is 
on top, the curvature of both tools is flattened. Thus a flat grinding 
tool when worked on top of a second tool tends to become concave. 
On the convex polishers two seta of mutually perpendicular grooves 
one-fourth inch wide and 1 inch apart are commonly cut across the 
surface. Generally convex lenses are purposely ground a little flat 
so that the polishing tool polishes from the margin toward the center 
of the lens surface. For this reason a slightly larger radius (0.003 
iuch) is used in the curvature of the grmding tools. The reverse is 
desired for concave lens surfaces. The radii of curvature of the 
blocking (polishing) tools are commonly made of the lengths desired 
for the lens surface. 

The lens blanks or flat disks are then cemented or blocked on a con- 
cave or convex tool of the proper curvature. (Fig. 82.) To block the 
lenses they are first heated and a layer of the blocking cement (sealiug 
wax, or rosin and beeswax, or other cement) sufficient to cover the 
entire lens and still have a thickness of not more than 2 millimeters 
at its center, is melted on each lens. In blocking convex lenses, a con- 
cave supporting tool is employed; its surface is moistened and the 
lenses are placed on it with the clean surfaces down. A heated convex 
tool is then pushed against the cement-backed lenses and the lenses 
are thereby cemented to it. The cemented lens block is mounted in 
the lens-grinding machine and fairly coarse emery and a high speed 
of rotation are used. (Fig. 83.) Finer grades of emery are in turn 
used on the lens surfaces until these are ready for polishing. The 
curvature of the lens surface is tested from time to time by means of 
a gauge and slight corrections for curvature are made by regulating 
the stroke of the grinding tool relative to that of the lens block. 
The grmding tool itself is reground, if necessary, by means of a fellow 



tool of the correct radius of curvature and nu>untod in place of the 
lens block. This tool is gauged rcpoaltMily to insure correct 
curvature. 

A polishing block of piUdi is propartsl by flc»wing pitch over the 
tool of the required curvaturt» and trnpresHing on it, while still hot, a 
fellow tool of equal but opposite curvature. The pitch surface ia 
grooved after the manner of the plane polisher. A long stroke of 
the polisher is purposely maintained in order Ui polish the periphery 
of the lenses first. After the lens surfaces have been well poliihed, 
their curvatures are commonly teskHl by means of starttlard tuat sur- 
faces (if possible of quarto) ; the tiwt surface is pressed against the 
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polished len^ surface and its relative curvature in tietermiiied fmm 



faces 3 or 4 fringes k the maximum Uderantie. An aeetirati^ sphero- 
meter of the ring or three-point typo witli direct reading Male is also 
satisfactory. As soon as the curvature and fM.ihi4h of tlte lenmw are 
satisfactory, tdie lenses or© removed from the hhick by moariii t»f a 
sharp knife or chisel edge inserted into the blocking cement licit w the 
lens. The second surface is ground and polwhod in similar manner 
provided it is sufficiently flat. The of tlm ler» » gauged 


LENS GEINDING AND POLISHING. 


Qg grinding; for this purpose the tool to which the lenses are 
mted must be accurately made and the cementing properly done. 
;ter both lens surfaces have been satisfactorily polished to the 
•ed curvatures, the lens is centered and edged. For this purpose 
iss tool of about the same diameter as the lens is required. One 
of the tool is turned to a wedgershaped outer edge, the center 
g cut to a depth of one-half inch. The lens is warmed and its 
ler surface cemented with shellac to this end of the tool, mounted 
le axis of a small bench lathe. The tool is rotated and heated by 
laU flame. The lens is now moved by means of a soft wooden, 
Lged stick, resting against a support and pressmg against the lens 
ice, until a distant lamp or other object, as seen reflected by the 
surfaces, remains stationary. The lens is now centered and the 
ac is cooled by moistening it with water from a sponge. The 



Fig. 83.— Bough grinding of lenses of medium curvature by hand. (FraiUcford Arsenal.) 


I of the centered lens is turned to a concentric circle by hand 
ns of a file or diamond point or abrasive lap (fig. 84) or, mechani- 
r, by the use of a rapidly rotating, diamond-charged copper cylin- 
similar in character to the milling tools described m a foregoing 
ion. The edging machine is commonly so designed that the dia- 
d charged cylinder is set in action by means of a lever and 
ight to bear against the edge of the rotating lens, which it grinds 
L automatically to the prescribed diameter. 

LENSES OF STEEP OUEVATURE. 

3ns surfaces of short radius of curvature are ground separately. 
3 blanks in the form of disks with plane-parallel surfaces undergo 
a roughing-out operation by which the lens surface is cut out to 
approximate degree of curvature. Ihis can be done as a hand 


on a rest, and directed against ttie iiowly rotating glasi disk as 
though it were a piece of metal, or a braM or lead or iron grinding 
tool of the proper radiua of eurraturo can he used with coarse car- 
borundum and the surface ground out; or a copper spherical tool 
charged with fairly coarse diamond dust and mmmt^ in a MfjocW fix- 
ture above an ordinary lens spindle can al«o be ©mployed and the 
roughing done with great speed and priH'isiun. In the roughing 
operation care must be taken to keep the iHlgcs of the disk of equal 
thickness; this should be controlled by the uae of suitable gaugw. 
The lens after having been nmghed tuit by one t»f thcae mcthodi is 
mounted with sealing wax on a apintlle arul further grinding and pol- 
ishing is done on an automatic machine. Hror«c grinding took of 
the proper curvature are used witli the different grades of abrative. 
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Pitch polishers, made by pressing the correcdly anuM^tltwl lenn surface 
or a metal surface of the same curvature against the warm pitch c»« 
the polislung tool, ere used witli rouge. The pitch surfac’c in grooved 
as usual. The lens ii commonly polkluul nimrly to iiryfifw*i aft4*r 
each wetting. A Newton color teat or other gauge dig. H i I in mied 
to ascertain the curvature. If the polkhed wiiface in convex and 
too flat, tihe stroke of the polisher ahtmld \m increa««l ; more grtwvw 
may also be out in the canter of the polinhcr it* rtnitice the bearing 
surfaces at that point. If the sweep k made too wiile the etige t»f the 
lens becomes too steep and a “bevel” rwuUs. To rcfttove this, tee 
stroke of the polisher ii shortened and the lens is |KiU«ticd until it i* 
too low, then A® stroke ii increased until ©ormet curvature ii ate 
tamed. La case tee surface ii too high grtmvw are cut in tee pote 
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creased. If, in tliis case, the surface is polished down too fast, a 
“hole” results, the surface is polished low in the center, but remains 
high near the periphery. Increase of the stroke of the polisher 
remedies this defect. 

Concave surfaces are treated in a similar manner during polishing 
to- correct faults in curvature. Thus, if the radius of curvature is 
too large, a short sweep is given to the lens and grooves are cut in 
the margin of the polisher. A longer sweep to the lens and removal 
of pitch from the central part of the polisher increases the radius of 
curvature of the concave lens. 

Precision polishing is a slow process. At no time should the tool 
be allowed to heat up appreciably. The speed of rotation should 
always be slow. 

In the ?ibsence of automatic spindle machines the grinding and 
polishing of single lenses can be done by hand on a small bench 
lathe. The operations under these conditions are learned best by 
actual experience. After some training, operators can produce by 
hand from 20 to 60 lenses per week. The work is necessarily slow 
and exacting, and with careless operators accidents may occur at 
any time to ruin a lens on which a considerable amount of work has 
been put. 

THE GRINDING AND POLISHING PROCESSES. 

It is of interest to consider briefly the mechanics of the grinding 
and polishing processes. These have been studied in some detail by 
J. W. French,® who presents a number of important data as well as 
certain tentative conclusions. French considers the operations under 
three heads: * (1) Rough grinding or forming, (2) smoothing, (3) pol- 
ishing. To quote from his paper: 

For the firet operation a coaree abrasive, such as carborundum, emery, or sand, is 
employed. The amount of material removed is very great as compared with the 
pseudo-polish effect. The object of the operation is to shape Ihe glass roughly by the 
economical removal of material. 

For the second operation finer grades of carborundmn or emery are used. As com- 
pared with the first operation, the amount of material removed is less and the pseudo- 
polish effect is greater. The object of the operation is to shape the glass by the fine 
removal of material, both as regards final angle and size. So fine is the surface pro- 
duced in practice that the size is not generally reduced in the succeeding polishing 
operation by more than 0.01 millimeter and the change of angle due to the actual 
production of the polished layer can be controlled within a very few seconds over a 
length of 26 millimeters. 

In both first and second operations the abrasive may be used in. loose form and 
applied with a lubricant such as water by means of a surface grinding tool, usually of 
coarse-grained cast iron, or it may be in the form of a grinding wheel. 

^ 

» Some notes on grinding and polishing. Trans. Opt. Soc. London, 17, 21-64, 1916; 18, 8-48, 1917; see also 
Lord Rayleigh, Proc. Opt. Convention, 1905; Nature 48, 626, 1893; 54, 385, 1901; W. Rosenhatn, Trans. 
Opt. Soc. London, 11, 112-123, 1910. 

* Trans. Opt. Soo. London, 18, 9, 1917. 
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of approximately the correct flize and nhape, the fmoat grad cm of abraHivofl may he 
used in the first "operation and the pieces may be formed to the final dimensionB both 
as regards size and angle. As the limit* of dimenBions impwHl may be a* small as 
one-thousandth of an inch, and tho limit of angle one minuk', that is, orus throe- 
thousandth of an inch, it will be evident that modern optical work is comparable 
with good mechanical work as regards dimension, and that an equipment of prec-ision 
tools is necessary for the so-called roughing shop. 

For the smoothing operation under the circumstances above immti«)netl the same 
fine grade of abrasive may bo employed. Tho puritost* c»f the operation is then to 
correct any minute irregularities over the surface of the blcK'k of prisms after the 
individual parts have been laid down and cemented. Tho pur|KJ«c' i« not to control 
the size and angle. 

The grinding process conaista chieily of a chipping out, by con- 
choidal fracture, of small or large fragments of glasH. (lertain corners 
and edges of the grains of the abrasive on rolling about in the grinding 
operation bear momentarily the weight of the grinding tool and com- 
municate it to the glass surface on which they reat. The larger the 
grains the less the number that bear the load atid hence the heavier 
they press on the supporting glass and the larger the chip broken 
out from the glass. The momentary application of a heavy load 
over a small area, such os the edge or corner of a hard grain, sets up 
in the glass intense shearing stresses which exceeil the elaaiit'. limit 
of the glass and cause it to fracture. The area under pre.ssure i.s so 
small that during the short time of the action of the load only a 
small volume of glass is affected and hence only a smaH ehip is 
broken out. The greater the load per unit area the larger and deeper 
the chip broken out. Glass is so brittle that there is little, if any, 
cutting such as occurs in a malleable metal, like m>pptT, when turned 
in a lathe. It might be considered that the action of the abrasive 
is in part a scratching action, plowing \ip furrows or grooves in the 
glass; but if scratches on glass surfaces be examined under a micro- 
scope the effect is seen to be essentially a chatU’sring tir succeaHion of 
conchoidal or shell-like fractures. 

For successful grinding it is essential that the abrasive be hard, 
that it maintam ite sharp comers or edges, and that it dotw not cleave 
readily into thin flakes, which obviously are not suitable abrasive 
agents. 

French® found that “abrasion depends quantitatively upon the 
number of points brought into action in unit time, so that the more 
frequently the grains are brought into repeated action, the greater 
will be the material removed. It is customary, therefore, to move 
the grinding tool relatively to the glass, end the amount of abrasion 
will depend upon the relative speed of the tool and glesa.” French 
determined by a series of experiments that with a given speed and a 

• Trans. Opt. Soc. London, 18, 17, W17, 


giren size of fresh, abrasive applied at intervals of one minute on a 
given kind of glass surfacie, the abrasive efle<*t or amount of glass 
removed in unit time varies directly with the load applied; also that, 
other things being eqdal, the amount removed by abrasion is directly 
proportional to the speed of the tool relative to the glass. French " 
states further: 

Water, or other lubricant, playa an cBseutial \)art in the ahraHion of gliww. If there 
is t/OO little 'water the glans will be (U^el^ly <'ut ami poHsibly ('rack, uml if tlu'r(( in loo 
mu(?h water the roHult will bo much the Hame, at leoHt, ho far uh cutting ih concermnl. 
Under proi>er coiulitionH the abrawive shonld 1)(( wt>ll moiHtenod witli water, the 
grairiB being separated from one anotlu^r by a film of liquid. On<' of tin* imporlant 
funotiona of the water is to equally, ('» the tenqa'ratun' oV('r the Hurfac(' and thus to 
prevent rapid local rises at the points of action. 

If there is too little water, tlu' partich's gather in lumps whi<'h <l(»eply scove th(‘ glass. 
Owing tu the absenee of sufllcii'nt waiter, the lu'at gc'nerateil at the p(nnt of abrasion 
may rise to such an extent that ch'avage takes place. If there is a large oxeess of 
water a continuous layer of liquid may ('xist betweim tln^ tool and tin* glaws. All air 
will then be (‘X('lud(‘d and the load on flu* tool will lx* enormously increasc'd. Some 
particles of abrasivet may b(( f(»rc(*d into tin* glaw or tool; others will bo caught by the 
obstruction and tear the glass de<*ply as befon*. 

The polishing of the finely ground gla.ss .surface i.s done on a flat 
tool covered with a layer of pitch, wax, paper, or cloth of different 
degrees of hardness, and coated with nioistcned poli.shing material, 
such as rouge (finely divided ferric oxidtO, black oxidt' of iron (ferr<ms“ 
ferric t)xide), putty powder (tin (nxidel, ('bromic oxide, or mangancHe 
dioxide. For all pnM'ision work a pilch surface obtained by nu'lting 
the pitch and pressing an optically Hat surface ugainst it during 
cooling is used. Two differiuit .stages an' distinguished by French ^ 
in the polishing [)rocess, namely, w«‘t ptHLsiiing and dry polishing. 

“The function of the first stage is to remove material; the function 
of the second is to fill up .sleeks." Sh'ck.s are minute' markings in 
the polished surface. In certain operations it is eu.stomary iti “dry 
up each wet"; but in otlu'r operations dry polishing is done only at 
the end of the wet poli.shing .stage. 

French emphasizes the fact first noted by Ia>rd Rayleigh * that a 
few seconds after the finely gnniml surface' has ht'cn rubbed on the 
pitch surface with rouge' and wate*r, .small, nearly pe*rfe'ctly peillshed 
areas appear on the glaw stirfae'e'; in H) mimites Ht) per cent of the 
surface is polishesl: hut se'cerfd hours are reepiired te» obtain perfect 
polish over the entire Hurfaee. 'Ft* epmtr furtlier from French’s 
article: 

If the {Hiliahetl }>at« h«‘« an* carefully f*x»uuiunl ujuti'r the with fuutabb*' 

illumlnalinn, thtat'will ln*nl«f»*rvi*(l nnmi*o«»iigrt«tvt’f!«if *l»fh*r«*tit (Icpthu, lh»* majority 
being just invisibU*, Th»» tltx'jxT an* tyjacal the utherw jK«ibly 

• Loc. tit., p. 18 , isn. 

» Trans. Opt. Het*. Umrtmi, li, », lei? 
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embryo sIgoIcb. Fnsquontly tht' appoaranct' rcwnihloB that of a froah varniBhod 
surface over which a fine brush haw luaui drawn, 'rinuc' hooiiih no doubt that the 
material from the grooves and Hlet'ka is actually reuioved and not eh-ptwiteil again in 
tho wet polishing stage. From the average of «ine large wricf^ of inesuremcnts the 
the reduction of thieknews of a plate of crown glana during eai-h luuir of wet poUahiug 
by machine) was about BO v(>n wave lengths. I-Votnsiniilar tcBts nunlc with a thoroughly 
cleaned old pitch polisher, tising water otdy without uiiy polishiug uiediuin, other 
than that embedded in tlu'. skin of the lutlisher. flic aniomif rcmovc*d was 'J.ri wave 
lengths per hour. In the third serieH of tt'sls made with a m-w Iduck pittdi polisher 
containing no rouge and suiiplied only with water us a polishing luetlium the 
removal of mateiial per hour wuh two wave lengths 'I'htongh'iut all these tests 
the tool WEB kept eontinnously Wet. It was never allowed to bn nme tlry. Before 
each of the toBtH the tooln wen' worked down to the true ligiire of the ourfai'c, ho hh to 
insure action ovt'r tho w'hole fac(<. 

With regard to the dry iiolishing it is customary in practice to dry np the wd t hat is, 
to allow the water to dry ajul tlu'nmge to he worked out into iliegroo\ cs provided for 
it. Tho glazod-]»it<‘h nurface then conics intft act uni contnci with the glass surfaeo, 
upon which it appears to exercise a consiilcmlde liituefiicf ive cltccl and drug, an is to 
bo oxprx'tod. All the minutx' furrows produccil in the wet ,'<itige are leveh'd down ami 
tho slookfi are filled ill. 'I'lu' elii(«f fiiuidion of the operation is to till in the sleeks and 
improve tho brilliance of the Hurfuc-e. With one forward and one Imckward strok«> 
by hand ovoralongtli ofaliout l.*^! ccnlimctcrHU iransver.He fih'ck hiuing a width of two 
wave lengths can bo filled in. Two strokes are required for one of four wave lengths. 
When each wot is drii'd up the anioiuit of nuiterial removeil is slightly greater than in 
tho case of wot poliHhing alone. '('huH. in a series of tests w ith the oh! pitch polislicr 
already montionod, using water only during the wet singe ami drying up after each 
wet, an additional threedourths wave length wu.h removeil per hmir. The general 
conclusion ia that most materia! is removed in the wi't Htuio'uml that a small amount 
ia also romoved in tlu' dry jioliHhing stage “ 

From tho forogohig o.xpcrittu'iitul cvitlenct' Krcncli coDciutlcs (iuit 
polish consists cssontially in a tli*a{.ipng tdl or rcniovnl «»f iJfluMs surface 
by local surface flow of the f>:las.H, 'Hie (le|>(h of tlie sleeks or furrows 
left hy a flowing particle of rouge was fouml ou nieasuremenl tu 
bo about eight wave lengllm. T'ius result iuilientes that the sur- 
face layer thus afteeted locally by the [lolisiiiug net mu (lieta layer 
of French) Is a film of appreeinlile ileplh. I’oliMluug neeoriiiiig to 
tills conception signifies (lie gradual ri'iimval of sueccHsive surfatu* 
layers of glass to a plane below (be bottom of the deepest pit in the 
finely ground surface. 

By a series of interesting experiinent.H ou Hurfaee fracture French 
has been able to show the influence of the Ht'ta film. More data are 
required to determine definitely the exact HignitieHun* and I'xtent of 
the surface flow iu polishing, OHjieeiully with regard to the uhility of 
the gloss surface to flow into existing pits or <lepres>ions iu the ground 
surface after tho manner of the Beilhy layer iu melnls. Sufliee it to 
state tho actual data of ohservalion hy l^ord liaylmgh and French 
ore fundamental to any mechanical explanation of the glass grinding 
and glass-polishing processes, 

• J. W. French, Trans. Opl. Soe., 18, 24-27, l»t7. 
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After the centering ()i)eratic)n the lenses are ready for cementing. 
Canada balsam is the cement usually employed for the purpose. In 
thin films it is pracdic.ally colorless and for most lenses is satisfactory 
for a period of time, at least. Tlie fact, however, that Canada balsam 
is not a chemic.al (u)mpound but a mixture of essential oils (turpen- 
tines, 24 per cent, and rosins, in part soluble in alcohol, 60 per cent, 
and in part insoluble, 1(5 per cent) renders its use a matter of nice 
manipulation. The tur[)(‘n(.ine oils, volatile at a low temperature, 
may be distilled off by heating the Canada balsam in a flat dish 
ov(^r a steam plate, with or without tlu', addition of a vacuum chamber. 
Canada balsa, m thus hardened is most conveniently kept in short, 
straight-walled glass tulx's, about 1 inch in diameter and 3 inches 
long, with a flat bottom. A short wooden rod inserted into the 
Cana4a balsam while still soft serves as a handle for the balsam 
stick. 

The cementing of l(‘ns<'s and prisms is best done in a separate 
room lu'hl as dust-fna' as po.ssil)l('. Electrically heated plates are 
commonly used for Inading Ixdh optical parts ami the ('anada balsam. 
Pasteboar<l or jjaper eov('rs are UKe<l to shield the work from dust. 

Ib'.fore cementing, all gla.ss surface's are thoroughly cleaned with 
alcohol and dusl(Ml with a ^in(^ camel’s hairbrush. Place, the glass 
elements on a slu'et of <’lean paper on an ('lectric, jdate and heat up 
slowly. Do not lu'at so hoi (hat (he paper is .scorched. When the 
gla.ss surfaces an' suflicieidly ho(, ml) over them the stick of Canada 
balsam or apply hot (’anada balsam whi(‘h has also been heating on 
an eleet.ric plate. All prism surfaces sho\ild be blocked up to a hori- 
zontal fuisition in onh'r (hat (he c('m('nt will spread out evenly over 
the entire surfact'. In tlu' case of h'lis ('leim'uts both the concave 
and convex surfa<'('s should be (n'ated with llu' balsam. The ele- 
ment with th(' conv('X surface Is then grasped in a ])air of warmed 
tweezem, with ends laud to conform to the, curvature of the lens, 
and is phieed otii (op of tlu' ronenve h'us <‘l('metd. Tlu' two are tlieri 
presH(‘d and ruhhed together (o .scpieczc' out as much of the excess 
i)nlsHm as possiiih' juul nllowj'd to cool, fl'lic: cemented lens is 
elemied with kenwene or alcohol ami (‘tlicr; a second reheating, 
Bufitcicid to soften tin* balsam slightly, is common practice, after 
which (he h'lis is pn'ssed against an Jiugh' bha'k to insure the center- 
ing of (he {'{‘mcntcil cleuu'nls. In phuu' of the angle, block an optical 
system may be uhc<1 by means of which a distant cross or a cross from 
a collimator ih imaged by the hcatj’d lens in the front focal plane 
of an cy<‘piccc sd wliich a cm.ss hair is mouidi'd. Tlu* lens iscc'ntered 
wlu'H tin* imagccl cro.ss coinciilcs witli the cross liairs. 

For moulding comph'x prism groups, such a.s range-finder eyepiece 
prisms, supporting glnss side plates are cinployed ami optical methods 
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serve to indicate when the several prisma are in satisfactory adjust- 
ment. 

In all work with Canada balsam acrupuloua clcanlineas ia caaential. 
Care must be taken not to heat the Canada balsam too hot, other- 
wise it discolors badly; also not to heat the lenaea too hot, otherwiao 
bubbles may form in the balsam film which are not easily prcvssed 
out. The Canada balsam, if used in the natural condition and not as 
hardened balsam, is generally heated for a period of time at a low 
temperature to drive ofl' the more volatile turpentine oils; after 
mounting with soft balsam the lenses are baked at a low temperature 
for some hours. The aofter the balsam and the lower the baking 
temperature, the longer the baking period. Kieetrit^ally heated 
ovens are best suited for the baking operatit)nH 



Chapter VI. 

INSPECTION OF FINISHED OPTICAL PARTS AND 
SYSTEMS. 


grinding and polishing department of an optical shop is 
med only with the shapes and sizes, but not with the optical 
mance, of the lenses and prisms which it produces. It is 
isible for: The kinds of glass employed, polish and curvatures 
5 surfaces, thickness of lenses, centering of lenses and cemented 
combinations, polish and flatness of prism surfaces, prism 
icial angles, dimensions of prisms. The gauges and other 
5 divices used in the shop serve the purpose only of measuring 
sternal shapes and dimensions of the individual lenses and 
5. In this department the glass is treated throughout, as is 
or other metal in . a machine shop, as a substance on which 
a mechanical operations have to be performed to produce 
or parts of prescribed sizes and shapes. 

I assembly department, on the other hand, is interested not 
n the mechanical features of the lenses and prisms, but also in 
optical performance. The apparatus and methods required 
sting the optical qualities of a lens, a prism or an optical system 
tirely different from the devices for measuring length, thickness, 
urvature as employed in the grinding and polishing depart- 
and.merit special description. In the present chapter some of 
pproved methods for ascertaining the optical qualities of a 
prism, and complete optical system will be described briefly, 
eral statement only can be given with special emphasis on the 
lying principles. 

'ing the war it became necessary, in certain cases, for Govern- 
inspectors to pass upon the separate elements of an optical 
a as well as upon the finished optical instrument. This situa- 
Lrose because of the fact that here and there throughout the 
ry there were lens-grinding establishments, chiefly spectacle- 
lanufacturers, that might be able to produce the optical parts 
rtain instruments, but not the mechanical parts; on the other 
there were also available precision mechanical shops not fully 
ied with war work that might produce the mechanical parts, 
ituation was not without its troubles, because there was an 


movitianlc U'lKloncy on lllO [)uri Ui cmh u uounum iuh-i , uu> opucai 
and llu' inoohanica!, lo shift Mia })lania for hu’k of propi'r fa*rfornuinaa 
of tha, optical parts on the other fallow. 'Plu' innmifaaturar of the 
optical parts soiif^ht to obtain us lur}j;a toh'ranaa limits as possildo, 
in order to attain inaxinium production with tha Imist tntuhh' ami 
expanse. The manufacturer of the mechanical parts, on tha oth(*r 
Imnd, sought to establish as narrow toh'ranci' limits us juissihh' on 
the optu'.al parts and thus to avoid trouble and expanse in the optical 
assembly room; in gmn'ral he did not nudi/a' the need for sonu' 
adjustment in the asseiulily of the* mechanical fiarts, because of the 
extreme diflicnlty in manufacturing interchangeable optica! chunents. 
To secure the best results from au optical system slight sliifts in 
relative positions are gian'rally ma-essary, ami tliis menus biting the 
mechanical parts to ibe optical. 'Phe idtad .systmu. ami the sy.sttmi 
to whieli the inamifueturei' of precision mctnl parts is nceustouunl, 
is to make each juirt. lo a stnmlan! .si/.t* with a small tcilerance limit 
definitely (l.xed by gnugi's, and then to assemble the tlifferent parts 
witlumt miu'.h special fitting. In the case of optical clcimuds small 
changes in the refraelivity or in liie degree (»f rmoatun' ttf the lens 
and prism ehmients may produce n'lulivj'ly large changes in the 
final result, such that some ndulive adjust mejit of llu' diirerent 
optical parts is lU'ccssary; these* ueecssilate slight ehangt's in tine 
mechanical arrangements. 'I'o this kind of work the numufaetnrer 
of the meelianieal parts is not ueeustoined; anti, if he umhu'liike.s 
to as.semhle tlie instruments in final ft»rni, a spccndlv trained group 
of assemblers for the optical and meelmmeal parts esstuifial, 
Adjustnu'ut and fitting of (hi* tin’c’lmniral pnryi of an uiNlruineut 
in order to gt't tin* hi'st I'csidls from a given optical sy**tem is eon- 
sidiM’ed iK'ce.s.Mury evi'ii in ojilieu! instrument faetuMr', long expe'ri- 
ence. d'his is still more essential in tin* case »>f spej'facle lens imusu- 
fac.turers who, in war lime, are willing to (ry tt. make pjeeiuou optics, 
but are not propi'rly e(|uip[a'd to tio no and mu> not have hud tub' 
({Uiite e.x[)erien('e to realiy.e (la* sigmfiennee of precision iiVork. It 
recpiires patience, lai't, and nice diMcriminat ion on Mie part of the 
(mveriunent inspeelors undi*!' such eoialilious, diseouragmg alike 
to the uuumfaeturer of theoplienl purls aial to the itiNirumeut iiiuker, 
to up tlu' interest and to estahliHh in a short time protltiefiou in 
both factories on n satisfactory nuitine hiihis. lu geiownl it is gmuj 
policy to place orders for optii’id iiistrunientH of higii preeisjoa with 
firms expi'rienei'd in (heir c(mslrueti.in. (he lirm re,-eivmg (he ema 
tiaeti (.o luaki* and to lie respoiisible for the euiiri* uiUrnnieul. h'or 
low power, visual insinuneiits si'jmrate ciaitrnetN muv fa* let for the 
optical parls and for (he jueehaiiieul parts, the limd ns*.eni!f!v to he 
done pri'ferably by the niukiT of tin* uu*eiiiuiienl parts. 
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In contracts of this kind definite tolerances, both optical and 
mechanical, for each part of the optical instrument should be stated 
specifically; these are determined not only by the kind of optical 
system desired, but also by the mechanical adjustments available 
for the final mounting of the optics. In certain instruments the 
mechanical arrangements are such that only small variations in the 
lenses, especially in the focal length, are permissible, whereas in 
other instruments large variations in focal length are tolerated and, 
except for a slight change in the total magnification, do not materially 
affect the performance of the optical system. In fire-control and 
other measuring instruments the tolerances are more exacting 
than in instruments intended for observation purposes only. Nice 
discrimination and wide experience are required to prepare fair and 
adequate specifications for the several optical elements of a given 
lens system. The tolerances should be so set that every optical 
element, which will function satisfactorily in the complete instru- 
ment, is passed and each optical element, which will not so function, 
is rejected. 

METHODS FOR THE INSPECTION OF THE COMPONENT PARTS OF AN 

OPTICAL SYSTEM. 

There are in general two different groups of methods available for 
the inspection of an optical system and its component optical ele- 
ments; these methods may be termed “direct” and “projection.” 
Observations by the first group of methods are made with the aid of 
auxiliary optical instruments and apparatus and the defects of a given 
optical element or optical system are ascertained by direct inspec- 
tion. The continued use of optical instruments for inspection is, 
however, tiring. In many cases projection methods of inspection 
have been used to advantage, whereby the optical element (lens or 
prism) or the image, formed by it, is projected on a suitable screen 
where it can be viewed in enlarged form and the departures from set 
standards read off directly on easily legible scales. The eyestrain 
under these conditions is appreciably less than in instrumental 
observations with auxiliary telescope or microscope and the readings 
may be made more rapidly. In this chapter a general outline only 
is given of the several available methods of inspection for detecting a 
particular optical defect in a lens or prism or optical instrument. No 
attempt is made at completeness either in citing all available methods 
or in describing any given method in detail. To do this would 
require a separate volume. 
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Impedioti. of lenm for nrjr and shapr. I’he* thickru'^s of a Ivm 
through the center in measurt'd by nunuis of n sert'w luicroineter 
gauge, a vertical comparator, a npherometer, or wniu* similar <levice. 
The diameter of the lenn ia ineuHured l)y incaiiH df a n<tc\v- nucrometer 
gauge or of two ring gauges, the first, a go gauge whieli <lel('rmines the 
maximum permiHMil>le diameter, the second, a no gu gauge which 
prescribes the minimum <Harneter. 'I'he curvnlureH nml sphericity 
of the lens surfaces are measured by means of (»ne of fu'veral types of 
spheroinetc'r or by the ust* of stamlard lest surfaces, or ttf eireuhir 
gauges or temph'ts cut out of sluaU. metal or of glass. Mtudianical 
tests of this kind are so familiar that further deseription is uuneeessary. 

Impedinn for phi/nival dr/rds in a Itnu. 't'hese inebnle: Hub- 

bles, atones, laps, fohls, and other prj'ssing defects; ih) striae; and 
(c) strain. For the inspect ioi\ «»f the first group of <lr*feefH tin* lens 
is placed on a piece of black cloth and is ilhuiuiuittni by a stnuig 
light from the side as iti tigurt' tin, page 20(5. In an objisuive aiuf in 
other lenses mounted at a distauet* from tlu' image plane a few small 
hubbies are tolerated and tlo no appreeinble harm; but itt tyepiece 
field lenses, nUicuh'.s, and any tUher oplica! elements whieh are 
located in the image {dune or in its eonjtignte planes, Iniblih's are not 
tolerated beeanse they ajipear in the tield of view and tuny eniwe 
trouble in a military optietd instrument, lauises eontaitting Htones 
or crystallization bodies sluudd be n'jeeted. 'Hie prosetiee of a 
pressing defect is commonly Hiithcieiit cause for rejceti«»n; but in 
certain cases a small, faint fohl at the etlge of a lens may not appre- 
ciably affect its optical performance. Heavy rildnm striiu* in a 
lens should not he toieruleil; objeetive lensi's cxhdutmg single thread 
striae are generally acecfUed. In most enses of stnae, the ultimate 
criterion is not the presciu’e of striae but rather the optieid per- 
formance of the lens under conditions of ti’s! urrangtsl to render 
its defects easily discernilde. Strain m testcil by e\ammntnm of 
the lens in polarized light . In tmlcr to at tain nniforin illumina- 
tion of the IcitS it is customary to employ a point amree of light 
at the rmir focal plane of a welheurreeted eollniiator len?i and 
to place a polarizing prism either in front of the >*mall aperture or 
to reflect the parallel rays from tlu* eoliimating lens on a flat, opaipie, 
polished glass surface at the polarizing angle. 'Hie lem* to be ex- 
amined is placsed either at right angles to, or parallid with. Hie beam 
of polarized rays and is vic'wed throngh an nnidy/.ing men! and sen- 
eitive tint plate and the strain distribution is thereby jiHeertained. 
The lens sluudd not lu^ held in the fingi'rs longer tiittii nere^isary 
during the teat becaUHe of the straina inlrodured by local heating. 
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XTnder these conditions the lens appears to be best illuminated 
when the ohservc'r’s eye is placed at its rear focal point. In the 
case of a coin-.ave lens, it is advantageous to shift the collimator 
lens or to add a second condenser lens in order to produce sharply 
convergent polarized light, part of the convergence of which is 
then neut.ralized by the negative lens under test. 

Routin(‘ inspection, by projee.tion methods, of lenses for certain 
physical defeed.s has becui practiced for many years in certain optical 
shops, During th(^ war tliese methcxls were widely adopted and with 
much success. 'rh(> lens under inspection is illuminated by a strong 
source of light (fig. 8.')), aiid is in turn imaged by a good photographic 
lens on a dull-white flat s(‘reen of drawing paper, or of finely ground 
opal glass; for (U'rtain purposes an undeveloped photographic plate 
or a carefully faced magnesia block serves as a screen. The screen 
should he of fine texture without markings of any kind. The en- 
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larged image of a lens ilhiminated, ns indicated in figure 85, shows 
clearly phy.sical flefects, .such as hubbies, .stones, pressing defects, 
and striae. Dv racking the photographic lens in and out, different 
plane.H in the lens under inspection can he imaged on the screen 
anti every part of the letrs then in.speefed. At the same time surface 
defectH, such iih pit?* and scrnfche.s, and insufficient polish, are imaged 
on the Hcreeit ami (he lens can be inspected for them. By closing the 
diaphragm of hms figure .85. ami shifting the lens or slightly, 
«hli((ue dluminiitmn is obtained and aids in rendering faint strise 
vinihle, 

A photirgraplnc plate ami camera may be substituted for the 
iunneetimi ncreen anti a permanent reetrrd of the results of inspection 
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Merritt have publiHlied exeelleiit phnlograplis uf suiHe in rspiieft) 
ghiHS, taken by thin rnelluul. which is lluil uf « Hpi'eial 

optical syatem ilhuninatetl pri*perly. 

MecJianiml dt/ectH. Tlu» letin surfaccH arc cxiuiiitHHl with n imigni- 
fymgglasB for pitn, HcratelicH, nleeks. gntuicsH. »ntl m-njfficnntt polish, 
chipped edges, and cracks. Illuininntioji front rhe Hide by itii iittetise 
light source is advLsahle. Wavy t>r doiddc ctirvnlttn^ {Hdisli Hhmdcl 
not be present; this is coinnionly first dciccfcd m centering the lens. 

CementcHl lenses are inspectcil fnr bubblcn »nd Idistcrs tn the 
cement film, for color of tlic (’aitadn bitUniit. and for flic pr«‘,Hciu*i! nf 
particles of dirt or of fu?:F. from the clcimnig rug m fin' fnilsam. 

The projection mctiiod of itiHpcclion {IcHcitbcd in the lunt ncction 
is suitable for detecting mcchanicnl clcfcctH in « Icnn. 

Optical qualltlm. Lenses may he in iperted for focal length, 
accuracy of centering, and (piabty of image with renpeet to definition 
or resolution, spherical abcrrafiini, I’umtt. tedignint l aa. distortion, and 
atdiromatiHrn. There arc many mcthiuL nviubdde for iiHrerfidning 
these {iruperticH and, in a particular caHC. the HimpleU anti incmt 
direct method should he adojitcd which will yiehl reHult * td the tlesirctl 
degree of preeision. In routine iunpeefion tin* effmi ih nmtle to 
ascertain if the several eiiaraeleri«tieH ttf ibt* leic* eonie within the 
prescribed limits so lliat tin asHcmhly in the lUHtriunent if will functum 
properly lus one of the integral partH. 

In the testing of lenses ami opfieid HynteniH in gt-nera!. ther«' are 
certain devices ami arrangements which arc uhc« 1 in Hit many methmls 
that it w'ill facilitate the presentation to dencrihc thnn l»ne!i\ at this 
point. Tliese include artificial stars. di4anf fargeiH and scales, 
collimators, and collimating tie vices, 

Artificial stars arc set iifi an tlistniif ptunl houhth of hg!4 and serve 
especially in te.sfs of the optical pcrft»rmiificc t»f tch-icopc idiji*cii\cs 
and teh^Hcope systems. .Small Hilvcrrd ghoc. glohra, gl“htdct of 
mercury, or snudl illuminated ptniude Hpertnres in opatpic McrrcUH 
located 30 or more feel away, tlcpeiiding t*n the focal Idiglh td the 
objective from tlu' observer, are iiHcii for the pm pone For luiiiiv 
purposes an artificial star iilununHli*il h> a inoiiocluoniatic dlmm- 
iiator is convenient for testing clirtunatie nhcriaf loJin or the change 
in performance of a lens with change in wiua* length of light. Ah 
source of light a lamp with concenlnitetl tungsten hlammf »»r lungHtcn 
bead or a Nernat filament is rtuivenient. A ci»mlcic« r It njt may alnti 
be useil to advantage. 

Distant targets are commonly painted wulh Idnch or cobircd hues 
on a white background. Hcalew, verticil! ami liori/.ofilid, of definite 
intervals arc thus prepared; almi systeniH of couniinate liticH, imitually 
perpendicular and definitely spacetl; also diagrams of lincH or .wclor® 
radiating from a common center. Targets of ihin kiml arc generally 


LENSES AND LENS ELEMENTS. 


erected 100 or more feet away from the observer and are useful for 
testing the performance of military optical instruments. 

Test plates, either of sheet metal with small holes and slit and 
cross-slit openings eut into them, or of silvered glass plates with sets 
of parallel, definitely spaced lines cut with a dividing engine, and 
small circular holes, or a photographic negative with similar sets of 
lines are especially useful for measuring the optical quality and the 
resolving power of an objective or a complete telescope. The metal 
test plate should be several feet square and should be placed in a 
window 50 or more feet distant; its perforations are illuminated by 
skylight. The other test plates are much smaller and have much 
finer lines. They are illuminated from the rear by a strong source 
of light and a condenser lens, and are placed 30 or more feet away from 
the observer. 

A collimator is widely used for routine factory inspection and is a 
convenient substitute for the distant target or test plate. It consists 
essentially of a well-corrected telescope objective mounted at one 
end of a telescope tube, at the other end of which is placed an opaque 
plate with small circular aperture located at the rear focus of the 
collimator objective and illuminated by a lamp or bulb. For certain 
purposes an astronomical telescope objective, 4 or 5 inches in diam- 
eter and of long focal length, is used with a small test plate of silvered 
glass placed at its rear focus. On the test plate are ruled with a 
dividing engine sets of definitely spaced lines, both vertical and 
horizontal; also a group of lines diverging from a common center, 
and several small circular holes of different diameters. The test 
plate may be 1 inch in diameter and, if the objective of the collimater 
is of the best quality, serves for testing most of the defects in an 
optical system. Collimators are compact testing devices, and, were 
it not for the fact that the images which they form are encumbered 
with the defects introduced by the collimator objective, they would 
be even more extensively used than at present; for many purposes 
collimating telescopes are entirely satisfactory, not only for the 
inspection of optical elements, but also for the adjustment of optical 
instruments. 

Measurement of focal length and external focal length of a lens . — 
The measurement of the equivalent focal length or of the external 
focal length (back focus) of a lens suffices in many instances to deter- 
mine the degree of accuracy of the curvature of the lens surfaces. 
If the focal length is correct, it may be assumed that the lens surfaces 
are approximately correct. This applies especially to cemented 
doublets and other combinations. 

Many methods are available for measuring the equivalent focal 
length of lenses and are described in detail in textbooks on optics. 
For work of precision an optical bench with the necessary accessories 



is essential; on it the four principal Gauss points, namely, the two 
foci and the two principal (and nodal) points are commonly deter- 
mined with reference to the vertexes of the two external surfaces 
of the lens or lens combination. A distant artificial star illuminated 
with strong white light or with monochromatic light commonly serves 
as test object in these measurements. The exact positions of the 
principal foci are determined by means of an auxiliary microscope; 
the positions of the nodal points arc ascertained by rotating the lens 
about a vertical axis and noting that when the axis of rotation 
coincides with a nodal point, the image of a distant object remains 
stationary during the rotation of the lens through an appreciable 
angle. 

A critical test for ssonal variations in equivalent focal length, for 
spherical aberration, and for other axial aberrations of a lens is the 
Hartmann “ method of extra-focus measurements as modified by 



Fio. 86.— Hnrtmann-Tlllyer tost for the aberrations In a iio-sltlvc lens or lens comblnullon. 


Tillyer.” For the Hartmann-Tillyer test a metal disk perforated along 
one or more diametral lines by a set of definitely spaced holes (I milli- 
meter in diameter and 3 millimeters apart for lenses of fair size) is 
placed in front of the lens or objective to bo tested (fig. 86), so that 
monochromatic light from a distant artificial star on entering the 
objective is restricted to a definite number of small pencils. Two 
shadow photographs are taken, the one at some distance inside the 
focus of the lens, the second outside the focus. Each ray pencil 
forms a small disk on the photographic plate. The exact positions 
of the ray-pencil disks are accurately determined and from these, 
together with the distance of separation of the photographic plates, 
the points of intersection of the rays on the axis can be computed. 
The distance between these points is the spherical aberration. The 
angle u which a paraxial pencil entering the objective at a height 1i 

s Zeltsrhr. luslnimontenkiindo, 24, pp. 1, 3fJ, 97, 1904. 

» Jour. Wash. Arad. Sci., «, 481, 1913; Nat. Bur. Standards, Sri. Papor No. 311, 1917. 



and found to be 


a + 6 

tan u — 

wherein a and & are the distances from the axis (^f the disks foi itu'd 
by the ray pencil on the two photographic plates Hej)arated by the 
distance d. The equivalent focal length is tlicn 

/ = /<./sin u 

Tillyer has shown that if the positions of the hoh's on the ser(H‘n are 
known to within 0.005 millimeter, the equivalent focal length for (h(^ 
particular zone can be determined by this method with an average 
error of 0.05 per cent. The variation of the foc'al huigtli witli dif- 
ferent zones of the objective is a measure of (‘orreetioii for the sine 
condition. By using lights of different (‘.olors (nionoehromatie 
illuminator, cadmium spark) it is possible also to nuuisure th(‘ 
chromatic aberration. 

A method for ascertaining the exact focus of a hais i.s the Koucault 
or “knife-edge” method; this method is basi'd on th(‘ fact that in a 
well-corrected objective the rays are sliarply foeu.ssed at a point, 
and radiate as an evenly illuminated cone on (‘itlun* side <tf the focus. 
If now a knife-edge be brought slowly across tlie line of sight at the 
exact focus directly in front of the observer’s eye the illumination tif 
the objective is cut off abruptly as the knih'-cdgc' ero.sst's the axis. 
In case the lens is not well corrected either sph(‘ri<'nny or ciiromati- 
cally, there is no position at whicli (lie. illnniination disafifx'ur; 
suddenly; either the inner or the outer portion of tlie illuininutetl lens 
disk becomes dark first and the lens appears unequaHy illnininatetlH 
in case white light is used the disk appears differemtly colored for 
different positions of the knife-edge along (lu‘ axis. 

By mounting the lens under test as (he ohjf'ctive of a te!esc<ipe 
with an astronomical high-power eyejiii'ce and viewing the ehnnges 
in the image of a distant artificial star when the eyi*pi<a‘e is pnshetl 
in and out, the observer can locate the exact position «if focus and 
at the same time determine in a satisfactory manner the exlmit 
to which the several aberrations in the lens under test are eorrected. 
In case the lens is well corrected the imagi^ of tlu' .star appears an a 
small circular disk of light uniformly illuminnt(‘d. Its diameter is 
'least at the position of exact focus. In the ('use td sjiherieul aberration 
the illumination of the disk is not uniform, llu' central urea id the 
disk being brighter for one position (d the eyepieee, the miter ptirtimi 
for another position. By using different colors td lights uml observing 
the shapes of the disk in different parts <d the ftidd (he observiu* can 
determine the optical performance of the lens with a high degree of 
accuracy.^ 

‘This method Is described in, dotall by 11. I). Taylor, In The AdluatmaiU and TmUmi ot T«iw»*ni»8 
Objectives, published In 1896 by T. Cook, of York, England. 



INSPECTION OF FINISHED OPTICAL PAKT8 AND SYSTEMS. 


During the war a great many photographic lenses were inspected 
by means of a distant artificial star (pin hole apertures in front of a 
monochromatic illuminator) used in conjunction with a precision 
optical bench constructed in the sliapo of a T . The lens is mounted 
on the bench in a holder of the iris diaphragm type and can be 
rotated, and also slid back and forth in its carriage which is supported 
on a pillar mounted on a slider which can be inovc'd jdong the head 
or cross arm of the T-shaped bench. Along tin*, vertical arm of the 
T-bench a second pillar is provided which supports an observing 
microscope and is mounted in a carriage which slides along this arm. 
The angle of rotation of the lens in its carriage can he read off on an 
accurately divided circle; the transverse movement of tlu^ lens can 
be read off accurately by a micrometer screw, ff'he observing 
microscope consists of an 8-millimeter apoc'hromatic objective, with 
compensating eyepiece and cross hairs; its movenumt in the sliding 
carriage can also bo read off with high precision by micrometer scrows. 

With this bench the Gauss points are first locatcul for the wave 
length 550 millimicrons (yellow-green color). The character of the 
image produced by the rays from the distant star (10 luettTS tiistant) 
entering the lens at different angles (in steps of JT’ from the axis) 
is studied and the positions of the radial and tang(uUhil astigmatic 
lines as well as the circles of least confusion are ascert ained for dif- 
ferent colors. From these measurements the astigmatic, differemces 
are read off directly; also the degree of llatness of the li(dd, the ilis- 
tortion, and the chromatic differences of magnitication. hor the 
oblique rays a correction is applied to allow for the flat, plate. Ooma 
is judged from the character and width of the image of the star for 
different positions of the lens. From the appearanen of the star 
image alone, as formed by the photogi’aphic lens iti different positions, 
the inspector is able to form a correct estimate of tlu^ (pialit-y and 
type of the lens. In the hands of a competent inspector this method 
proved exceedingly useful and satisfactory. 

For the testing of photographic lenses a chart nuU-hod ® may also 
be used to advantage but it is less rapid than the fon^going. 

For ordinary routine inspection of lenses inteiuh'd for military 
optical instruments, which are for the most part instrumontH of low 
magnification (4 to 12 power) the foregoing methods are unnecesHarily 
refined. For most purposes it suffices to measure the external focal 
length (back focus); this is the distance from the princ'iiial focus to 
the vertex of the nearest lens surface. This can he done rapidly 
and with sufficient exactness by placing the lens under test in a ring 
mount as the objective of a telescope, by sotting in front of the tele- 
scope a coUimator having at its roar focus a small test plate with 
. sharp lines or patterns drawn upon it on which the observer can focus 

• A chart method of testing photographic lenses. L. E. JftwBll. Tniip TT_Trr ri uho 


LENSES AND LENS ELEMENTS. 


sharply. The image of the test plate, as formed by the lens under 
test, is brought to sharp focus by racking a high power astronomical 
eyepiece or an observing microscope in and out, its position is read 
off directly on a suitable scale, so adjusted that the readings give 
directly the external focal length (back focus) of the lens. Rotation 
of the ring mount with the lens about its axis is a test for the center- 
ing of the lens. If the lens is decentered the image is seen to describe 
a circle during the rotation, the amount of movement depending on 
the eccentricity of the lens. After a small amount of practice on an 
apparatus of this kind, the observer is able not only to measure the 
external focal length rapidly and accurately and to test for centering, 
but also to measure the resolving power or definition of the objective 
and to detect spherical and chromatic aberration, coma, astigmatism, 
and distortion. For this purpose the test plate should have ruled 
on it sets of equally spaced vertical lines, also several horizontal lines 
and small circular holes. In general, however, it is advisable not to 
attempt, in routine inspection, to measure more than the external 
focal length and to test for centering on a collimating device of this 
kind. During the measurement an estimate can be made of the 
general quality of the image formed and of the degree to which the 
lens is corrected for the several aberrations; but no actual measure- 
ments of these factors are made. 

In an optical system the defects of one lens are compensated by 
equal and opposite defects in other lenses; thus the individual lenses 
of a system may show pronounced aberrations whereas the completed 
system is entirely satisfactory. In order that there be a proper com- 
pensation of errors between the several components of a system, it is 
essential that the specifications laid down by the designer be accu- 
rately followed; if the focal length or external focal length of each 
element is correct, it is generally safe to assume that the specifications 
have been so followed. 

In place of the collimator a system of inspection may be adopted 
whereby the image, formed by the lens of a test plate, is projected 
on a screen. For the purpose a silvered glass plate on which two 
sets of equally spaced, mutually perpendicular linos are ruled with a 
dividing engine is most satisfactory; loss satisfactory, but still service- 
able is a photographic reproduction (negative) of a suitable drawing of 
coordinate lines. The test plate is illuminated by parallel rays from 
a strong, point-source of light at the rear focus of a well corrected 
condenser lens which covers the entire test plate. The rays emerg- 
ing from the test plate are practically parallel; the rays from any 
particular point of the plate pass as a narrow pencil through a small 
part of the lens, with the result that the image points on the screen 
are formed by the convergence of narrow bundles of rays, thus reduc- 
ing the effects of spherical aberration and coma. A sharp image is 
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formed and a correspondingly accurate setting can be made for tb® 
determination of the focal length. The definition on the scrcf.n de- 
creases from the center outwardH becauHo of aMtignmtiMm and curra- 
ture of field. An estimate of the amount of spherical aberration and 
coma present in the lens is obtaineil by platdng hack of the teat plate 
a ground glass or opal glass cliffusing siTcen which dt*stroy» the 
parallelism of the rays emerging from the test plate. Decrease in 
definiUonj under these conditions, at the center results from spherical 
aberration, while in other pai'ts of the image it rwtiHs from astigma- 
tism, coma, and other defwts. When the t<*Mt plate is moved a 
definite email amount in a direction transverse t<» the axis of the lena, 
the image is shifted by an amount whieh depemln on the focal length 
of the lens; and from this the focal length can be c«impuieth The 
other aberrations are estimattul from the appearance of the image on 
the screen. If the two sets of mutually perpemlicular lines can not 
be simultaneously focussed astigmatism is present; if tlie lines on the 
margin of the image are curved, distortion is preswit. Simple 
apparatus suitable for the testing of lensi^s and prisms by this method 
was devised by the Ordnance Department and found to be satisfac- 
tory for practical testing at Frankford Arsenal. 

Another method for ascertaining the properties of a lens is to 
use the metal plate target, deseribed in a foregtnng paragraph; the 
target should he set up at a dtslanee of HKl or more fetet from the 
lens to be tested. The lens is placetl in a monnled ring ami functions 
as the objective of a teh^icope. Its external ftu'al disiatici', centering, 
and other properties are then ascertained by the metluHls described 
above for the collimator metliod, except tiiat in this case a correction 
must be made because the object is not at an infinite distance. For 
routine inspection, however, where tielinite tolerances are set this 
correction is taken into account in the seale usimI with tlie eyepiece 
or the reading microscope. 

The resolving power is awnTtainwl by this inelliod by sighting 
upon sets of equally spacivl lintw tlrawn on a test plate locatwl at 
a definite distance, 30 feet (10 met erst or more, and illuminated by a 
strong light. The spacing of the finest «et of linen which ran still he 
distinguished as distinct lines deterinirie« the angle which m reaolved 
by the objective. An auxiliary reading miertweope m commonly 
us^ in the examination of the image forminl by the ohjective. 
Theoretically the angular separation of two fine Imes or ^lan* which 
Gan be imaged a« distinct elements liy a lena of diameter d in approxi- 
mately eciual to the angle suhtentliHl by tlie wave length of light at a 
distance equal to the diameter of the letw. For lw*o st«r« which can 
be just rt»olved by a telwcope objtH'tive the formula derivwi from 


“'“‘1 »■ ‘’1® semidiuneter of Hie 
e s, to reduce this to seconds of arc divide by 0.0000048: or more 
directly it is 127000- \/r. For a wave length X=0.00G55 millimeter 
near the middle of the visible spectrum, this expression reduces to 
/r seconds of arc as the theoretical resolving power of a telescope 
objective of semidiameter, r, expressed in millimeters. This degree 
of resolving power is rarely achieved by objectives for mihtary optical 
instruments. Generally the resolving power of a telescope system 
equal to 1 mmute of arc divided by the magnification is considered 
to be an upper tolerance limit; commonly it ranges from 35 to 50 
seconds of arc divided by the magnification. 



rwi. 87.— Projection method for prism inspection. 5 is the source of light; J), ground-glass diffusing disk 
A , pinhole aperture; Li, achromatic doublet; P, prism under test; ij, projection lens; X, projection screen. 

The inspection of prisms. — ^Prisms, like lenses, are inspected for 
defects in the glass, such as- stones, bubbles, striae, strain, and color; 
for external dimensions; for mechanical defects, such as lack of 
polish of surfaces, presence of pits and scratches, degree of flatness 
of surfaces and accuracy of interfacial angles; for optical qualities, 
such as distortion and deviation of transmitted light rays from the 
prescribed paths. ' 

The examination for stones, bubbles, and pressing defects is best 
made under conditions of illumination from the side (dark-ground 
illumination) ; striae are detected by any one of the methods described 
in the foregoing section on lenses. These defects can also be seen to 
advantage by projecting the prism on a screen by the projection 


:o 



caeasured mechanumlly t>y Htaruiani attics' gauges, vat tnspaouon 
purposes it is preferable, htjwever, to tortt the (»ptic*ftl r)erfc»rmaiioe 
of the prism rather than to measure int erf ueial angles. 

The degree of flatnens of tin' prism surfac*eM is best tested »Raiiwt that 
of a standard optuudly flat plate Hcenirnte t«» n tetitli or a twentieth 


two wave lengths Is satwfartt»ry; but iti prisms, Hueli as the Dove 
inverting prism (vertieal rotating prisiti in the pimi»ramie sight), in 
which the light rays are retleettHl nl a large angle, a slight depart, urti 
from flatness in the reflating surfaee may muse an appreciable 
warping of the reflected light-wave front and thus impair the defini- 
tion of the image. The reflecting surface (»f such a prism should be 
flat to a part of a wave kuigth over its entire ar»nv, 

In the manufacture of precision optics, a tolerance «jf | 2' of arc 
is considered a fair and reastunihle xpecdicHiitm for nnwt prism 
angles. In certain prisms, such as the Dove »Tecting prism and 
the pentaprism, the angle must he correei within I D of are; in 
the roof-angle prism, the roof angle munt be enrrect within a few 
seconds of arc. These prism-angle toleraneen are eommmdy meas- 
ured optically and the HpwificationH are «ti*teil in terms td permissible 
angular deflections of transmitted mys from the pri*Hcrihcd paths. 

In conformity with the practice nch»pl<*d at Fritnkft»r«l Arsenal, cm 
the recommendation of Col. (K F. denks in HHtJ f»»r the inspection 
of the optical performance of {irisms, the folhming cnuiventiiHiM may 
well be fellowed; A reflecting prism in an optical instrument servw 
to change the direction of the optical axis <if the instrument through 
a definite, prtweribed angle. Ia*t the plane in which thk angle ia 


reflected ray, after emergence frtim the prism, from the pn^Hcribed 
path. The ‘‘side-angle error” k the angular compunent, in the 
plane normal to the axial plane, of the dinnatimi of tlic rcfh'ctcd ray, 


Dove erecting prism Hervm only to invert and not to change the direC' 






RIGHT ANGLE REELECTING PRISM. 


it is the plane of incidence of the incident rays and contains the nor- 
mals to the incident refracting surface and to the hypothenuse sur- 
face. These conventions establish the reflecting surface of a prism 
as the surface of reference. Any other surface might be used, but 
for the sake of uniformity in the testing and designation of the differ- 
ent types of prisms the reflecting surface appears to serve the pur- 
pose best. In the case of roof-edge prisms and pentaprisms two 
reflecting surfaces replace the single reflecting surface and serve to 
invert the image; in these types of prisms the two reflecting prisms 
function as a unit and may be treated as such. 

Experience has shown that different optical methods of different 
degrees of sensitiveness may be used to test the optical performance 
of any given type of reflecting prism. The deviations should be 
measured of those rays which traverse the prism along the path 
which they follow in the actual instrument; in other words, a meas- 
ure of the actual performance of the prism should be taken, 

In view of the fact that the path of a ray through a prism depends 
on a number of different factors, such as defects in the glass, degree 
of flatness of prism surfaces and in addition to different interfacial 
prism angles, the only feasible method for computing the deviations 
of transmitted axial rays from the prescribed path, which result from 
slight departures of the several prism angles from the prescribed 
angles, is to consider, the glass to be free from defects and optically 
homogeneous and the prism surfaces to be optically flat. Under 
these assumptions it is possible to ascertain the competency of the 
several different optical methods available for testing and to determine 
the significance, in terms of actual prism angles, of different optical 
tolerances which may bo set. The relations between actual -prism 
angles and the resulting ray deflections in the axial and side (normal 
to axial) pianos are indicated for the different types of prisms in 
figures 88 to 94. In these figures a section of the correct prism is 
indicated by dotted lines ; the incorrectly oriented surfaces are indi- 
cated by full lines; the paths of the rays are indicated by full lines 
with arrow marks. In each set of curves the ordinates are the 
angles of departure, t, of the prism surface from which the ray emerges; 
the abscissae, the deviations, d, of the emergent ray from the pre- 
scribed path; the series of oblique lines represent the departure 
angles, s, of the incident prism surface. 

THE RIGHT ANGLE EEPLEOTING PRISM. 

Three optical methods may be used to test this type of prism; ih 
two of the methods a telescope and distant target or collimator are 
employed; in the third an autocollimator serves the purpose. A 
variation of these methods is obtained by the use of a projectioii 
screen in place of the observing telescope. 



prism are in the same lone- i. e., all vertiral U> the same plan®; 
this is practically the caae in all prianw and the slight depar- 
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tive if the total angle exceink 45®) which the firet side face includes 
with the hypothenusB (fig. HK) and t the errtjr of the second aide 
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RIGHT ANGLE REFLECTING PBISM. 


emergent ray for a prism of refractive index, n = 1.515, is d=\.Q'7t; 
in other words, the deviation is practically equal to the departure 
angle, t. 

With this method, therefore, the angular deviation of the emergent 
ray from the prescribed path, both in the axial plane and the side 
plane, is of the same order of magnitude as that of the errors in the 
interfacial angles, and the method is not especially sensitive. The 
method has the advantage, however, that the prism is tested under 
conditions resembling those of actual use. 

For routine testing by this method either a spectrometer or a 
combination of a telescope of adequate resolving power and a colli- 
mator or telescope and distant target is used. The prism is placed 
with the hypothenuse surface against a fixture having rounded bearing 
points for both the hypothenuse and first side surface. The fixture is 
accurately adjusted so that the plane of incidence contains the normals 
both to the hypothenuse face and to the first side face. A coordinate 
scale in the image plane of the telescope indicates the axial and side 
angle departure from the prescribed path. In place of the observing 
telescope a projection screen with properly arranged coordinate lines 
to mark the tolerance limits may also be used. 

SECOND METHOD-THE CONSTANT DEVIATION METHOD OF FRANKFORD ARSENAL. 

Axial-angle error . — The paths of the rays through the prism when 
used as a constant deviation prism are shown in figure 89. The 
incident ray is considered to be perpendicular to the hypothenuse 
face. The deviation, d, of the emergent ray from 90° is then 
d = 2 s-\- (i — r) — (i' — r'), wherein i is the angle of incidence, r, the 
angle of refraction, and sin i = n sin r, (n = 1.515); r' is the angle 
of incidence of the emergent ray and equal to ir — ds — t), and 
sin i' = n sin r'. The deviations d for different values of t and s are 
shown by the curves of figure 89. From these curves it is evident 
that in a prism whose angles differ from the correct angles by ±2', 
the maximal deviation of the emergent ray from the prescribed 
path may be d = ll'. The curves show, moreover, that if the prism 
is observed only in one position, this method may not be adequate 
to determine its quality; thus for s = 0' and f = +10' the deviation 
is +9'; if now the prism be reversed so that s = 10' and f = 0' the 
deviation is d— —46.5'. It is thus evident that unless care is taken 
to measure a prism from both directions erroneous conclusions regard- 
ing its quality may be drawn from the result obtained. If, more- 
over, the incident ray enters at a different angle from normal to the 
hypothenuse face slightly different deviations result. The deviation 
depends therefore not only on the prism-angle errors but also on the 
position of the prism during the observation. The last uncertainty 
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tion of fcho incident my coincide witlt the iu»niiiil to the hypotlienuse 
face; let the plane of incidence include the iiomnds to ilie first aide 
face and to the hypothenuse face; let t he the angle hetween tlie 
tracea of the first aide facu^ and of the second side face, respectively, 
on the hypolhcnuHc face. 'I'he deviation d of the einergetii ray from 
the prcHcribed path is then apprtjxiinately d MM fi»r n- > 1 . 616 ; 
in other words the devintitm is ahout hidf that of the angle t and the 
method i« not especially neiwitive in this respect. 



Flo, waJW, tn ihl» nfiww lltp aip «*? Ow nnrf^pnl r#? frwt the 
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DOVE ERECTING PRISM. 


i== 4 , 1 ' the deviation, cZ= — 6 '. The measurement of the deviations 
of the prisms in these two positions suffices therefore to measure 
the angles satisfactorily. The autocollimation method is much more 
sensitive thafi the first method and is less encumbered with defects- 
than is the second method. 

Side-angle error . — With the prism placed in the position of figure 90a 
the side-angle deviation is practically the same as that obtained in 
the first method, namely, d = 1.07-# or d = i approximately. 


CL. 



a. y^i.—Aviocollimalion method. In this diagram are shown tho deviations of the emergent ray from the 
prescribed path, which on tronamission are produced by siight departures s and t in the interfacial prism 
mgles from the correct angles, as indicated in fig. 90a. 


A projection method may also be used with autocollimation, but 
lis method is simply a modification of the telescope methods and 
ivolves nothing now in principle. 

THE DOVE ERECTING PRISM. 

Vertical rotating prism of panoramic sight. This prism is in 
effect a truncated right-angle prism, but it is used to invert the image 
and not to change the direction of an axial ray in the telescope. 
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Fio. 92.— In this figure the deviations are shown of the emergent ray from Its presorlhed path, after trans- 
•mlssion through a prism of slightly incorrect interfaoial angles, as indicated in fig. 99a. 



KOOP-EDGE PBISM. 


In the method commonly used for testing this prism a collimator or 
distant target together with an observing telescope with coordinate 
scale in its image plane is employed. The prism is placed in front 
of the telescope with the hypothenuse face parallel with the line of 
sight. 

Axial-angle error. — The path of the axial ray through the prism 
is shown in figure 92a.. The deviation d for prism interfacial angle 
errors s and t is d = 45° — t — wherein sin i' = n sin r'; r'=r + s — 
sin (45° — s)=n. sin r and n — 1.515. The curves of figure 92 show that 
for s= + l' and d=-3.8'; for s=+3' and<=4-10', d=0; 

but if the prism be reversed so that s = + 10' and t = + 3', the deviation 
d = —26'. In testing a prism by this method, therefore, it should be 
examined in both positions, otherwise serious errors may arise. 
This fact should also be noted in the assembly of the prism; as for 
example, in the assembly of the vertical rotating prism in the pano- 
ramic sight. 

Side-angle error. — On the assumption that the side angles are cor- 
rect and equal to 45° and that the axial plane is normal to both the . 
hypothenuse and first side faces, the trace of the second side surface 
on the hypothenuse face includes a small angle t with the trace of the 
first side face on the hypothenuse face, the resulting side-angle 
deviation of a transmitted axial ray is approximately -1/2.1 for 
n== 1.515. 

THE EOOF-EDQE PEISM. 

This prism may be treated as a simple reflecting prism in which the 
hypothenuse reflecting surface has been replaced by two reflecting 
surfaces mutually at right angles and truncating, hke a roof, ‘the 
elongated edges of the hypothenuse face. The roof angle must be 
exactly 90° within a few seconds of arc, otherwise a double image 
results. The incident light strikes the first reflecting surface at an 
angle of 60°, is reflected across to the second face, and is reflected by 
it at an angle of 60°, thus inverting the image completely. The 
tests for axial-angle and side-angle errors may be made by the 
methods used for ordinary reflecting prisms; of these the autocol- 
limating methods appear to be the most satisfactory. The correct- 
ness of the angle is determined by the absence of a double image of the 
lines on the horizontal line of the target. The following rule is useful 
in determining, in the case of a double image, whether the roof angle 
is greater or less than 90°. Rack the eyepiece of the observing 
telescope inward; if the two images approach each other the roof angle 
is less than 90° ; if they approach when the eyepiece is racked outward 
the roof angle is greater than 90°. Another method for testmg the 
roof angle is to grind and polish a small face truncating the edge 
between the two side faces of the prism; a ray of incident light normal 



with the original direction. This test is made with an autocolli- 
mator; the method is, however, hardly to be recommended, as it offers 
no advantage over the foregoing method and requires the preparation 
of an additional face on the prism. 

THE PENTA PRISM. 

Methods similar to those described in the foregoing paragraphs are 
used for testing pentaprisms optically. In all cases the prism should 
be held against a proper fixture so that the incident ray enters 
normally to the first surface of the prism as indicated in figures 93 a 
and 94a. 


a 



Fio. 93.— In this diagram the deviations are represented of the omorgont ray from the proscribed path, alter 
transmission through a penta prism of slightly Inoorreot Interfaolal prism angles, ns Indicated In fig. 98o. 


First method,. — K collimator or distant target with horizontal and 
vertical lines is used in conjunction with an observing telescope or 
projection screen. 

Axial-angle errors. — For a ray entering the prism normal to the first 
face as shown in figure 93a, the deviation of the emergent ray from 
the prescribed path is d~n{2 s — t), wherein i and s are the small 
angular errors in the interfacial angles of the penta prism, and 
71=1.515 is its refractive index. The series of curves in figure 93 
are a graphical solution of the foregoing equation; thus for +2', 
and s=— 1', d=— 6'; for <=+2', s=-fl', d = 0. The equation 


shows, moreover, that a slight change s in the angle between 
two reflecting faces has twice the effect in deflecting a transmittedl 
ray that the same change t has in the angle between the other twofi«. 
The reflecting faces here function as a unit just as do the 
faces of a roof edge prism. 

Side-angle error . — Let the line of intersection of the two 
faces include an angle t with the line of intersection of the two other 
faces. This gives a twist to the prism. Let the angle betw^i 
reflecting faces be 45° and that between the other two fac«, W®. 
The angle of deflection is approximately equal to whores 

1.515, the refractive index of the glass. 



Fig. 94.-X utocollimation victhod. In this diagram the 
prescribed path, after transmission through a penta prism of slightly incorreci m 

as indicated in fig. 9fa. 

AutocoUimaiion method— AxiaUngU error -The ^ 

rr io d — 9^) (2 s — t) or twice that obtained by tn 

case (fig. 94) is d-^n{zs i) oi uw _ 

rtl' l-"o ' W t^s W e-r7s app— y ^ 

\hMhy the first'method The resd| P^e ^ 

in these methods a compensation may take . ^reet. 

deflection may be obtained from a prism whose ^ 

The interfacial angles of these prisms may ^e i— . ^ 

Oh a large, specially 

lenses, 3 inches in diameter (theoretical resolvmg pow 


fiber or spider web illuminated by a strong light from the aide may 
used in place of the slit. 
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lar surfaces. One of these surfaces is placed in optical atm tact with 
the surface of the first plate. The twlge of the second plate is trun- 
cated slightly before mounting in ortler to facilitate the cleaning of 


placed with its side faces in contact with the faces of the optical square. 
The interference fringes formed between tlie several faces are a 


prism functions properly under these condilituw of si'vere test, it will 
do 80 in the optical system for which it is intended. 


I 





following sections. In Chapter II, an outline is given of the func- 
tions of a telescope and of some of the factors with which the designer 
and manufacturer have to contend in order to attain the desired re- 
sults as laid down in the specifications. These cover commonly the 
following, items: Size of entrance pupil or objective aperture; size of 
exit pupil; eye distance or distance of exit pupil from rear of eyepiece 
lens; magnifying power of telescope; angular field of view, apparent 
and actual; resolving power; quality of image with reference to color 
corrections, to definition in different parts of the field, to distortion, 
and to other defects; percentage light-transmission of the optical 
system; polish of lens and prism surfaces and presence of film. 

Most of these properties can be determined either by the use of 
auxiliary telescopes and measuring apparatus or by projection 
methods in which the image is projected on suitable screens by 
means of suitable auxiliary lenses. 


Dmmeier of entrance pupil and of exit pupil— In Chapter 11 the 
functions of the several diaphragms in an optical instrument are de- 
scribed briefly. The aperture of the lens system determines the rela- 
tive amount of light which can bo received from a distant object 
point; the aperture in a telescope depends not only on the diameter of 
the objective, but also on the diaphragms in the telescope. The 
larger the aperture the more light enters the instrument and the 
finer the detail which is imaged distinctly; also the shorter the depth 
of focus. The entrance pupil of the telescope is by definition the 
smallest diaphragm visible from an object point toward which the 
axis of the telescope is pointed; similarly the smallest diaphragm 
visible from the corresponding image point is the exit pupil En- 
trance pupil and exit pupil are conjugate with reference to the tele- 
scope and the one is the image of the other by the lens system. More- 
over the ratio of the diameter of the entrance pupil to that of the exit 
pupil IS directly a measure of the magnifying power of the telescope. 

In tne design of a telescope the size of aperture is determined by 
the normal resolving power and the magnification desired ; in military 
optical instruments intended for field use the diameter of the exit 
pupil should be about 5 millimeters. In few military instni- 
ments, with the exception of range finders, is the full resolving 
power utilized. For naval end other instruments, such as musket 
and machine-gun telescopic sights, required for use on a moving 
platform an exit pupil of 7-millimeter diameter is desirable; but 

In rl. ‘v® Of Other desirable qualities. 

In case the exi pupd is much larger than the iris of the eye, the 

eidt^lnTT ®y® different positions in the 

exu pupd strong color fringes are also present in the field. 

at M* * '*‘®‘“®® *® ported 

at the sky, the emt pupil appears as a disk of light, suspended in 
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space, back of tbe eyepiece. Its distance from the eyelens of the 
eyepiece is the “eye-distance;’’ when the iris of the observer’s eye 
coincides in position with the exit pupil of the instrument he is able 
to see the entire field of the telescope. For convenience the “eye- 
distance” should he at least 12 millimeters; if less than this the 
eyelashes are liable to touch and brush against the eyelens. 

' The diameter of the exit pupil may be conveniently measured by 
means of an auxiliary positive eyepiece mounted in a draw tube 
together with a fine micrometer scale at its rear focus. The eyepiece 
is focused sharply on the exit pupil and the diameter of the pupil is 
read off directly on the micrometer scale. The eye distance is also 
determined by a scale which is attached to the draw tube and indi- 
cates the distance of the micrometer scale from the front of the draw 
tube or from the rear surface of the eyelens. The diameter of the 
entrance pupil is ascertained by placing a scale directly in front of 
the objective and noting the number of divisions included in the 
image of this scale as seen in the exit pupil. The ratio of these two 
diameters is the magnification of the telescope. 

In place of the eyepiece drawtiibe attachment the exit pupil may 
be projected by a lens on a screen and its diameter measured in terms 
of a scale drawn on the projection screen; similarly the diameter of 
the entrance pupil can be determined. In all cases the exit pupil 
should be circular in shape and appear uniformly illuminated. 

In telescopes of the Galilean type with a dispersive eyepiece the 
exit pupil is a virtual and not a real image and can not be measured 
directly. To overcome this difficulty a positive lens is placed at a 
distance equal to twice its equivalent focal length from the scale of 
the eyepiece mounted in the drawtube ; a real imago of the same size 
as the virtual image is thereby obtained on the micrometer scale. 
The eye distance in this case is a negative quantity and is located 
inside the instrument. 

Magnifying 'power. — A& noted in the foregoing section the magni- 
fying power of a telescope is given by the ratio of the diameter of the 
entrance pupil to that of the exit pupil, and these in turn are deter- 
mined by the ratio of the focal length of the objective to that of the 
eyepiece. 

Another method for ascertaining the linear magnifying power is 
to measure the angular vergency of the initial and final zone pencils. 
For this purpose the angle included at the observer’s station .between 
the lines of sight to distant points is first measured directly with a the- 
odolite or transit; the telescope under test is then focused on a distant 
object and placed in front of the transit with its objective pointing 
toward the transit; the angle between the same two distant points 
is remeasured as seen through telescope and transit. The ratio of 
the tangents of half the angles thus measured is the linear magnifica- 



tion. The ratio of the angles directly is the angular magnification. 
In place of the distant objects a collimator with properly ruled test 
plate may be used. 

The magnification can also be ascertained by a projection method 
in which the lines on a ruled test plate in a collimator are projected 
by means of an auxiliary lens on a ruled screen. The telescope with 
its objective pointing toward the collimator is inserted between the 
collimator and the auxiliary lens and the change in the spacing of 
the projected test-plate lines is noted. From the amount of change 
as measured by the ruled lines on the projection screen the magnifi- 
cation can be determined directly. 

Still another method for ascertaining the approximate magnifica- 
tion of a telescope is to view a distant target scale simultaneously 
with the two eyeS; the one eye unaided, the second with the telescope 
placed before it. The number of scale divisions, as seen by the 
unaided eye, included between two adjacent scale divisions as seen 
through the telescope with the second eye, is the magnification. 

The real and apparent fields of view . — ^The actual angular field of 
the telescope is measured by sighting upon a distant object and 
observing the angle through which the telescope must be turned in 
order to bring the image of the distant point from one margin of the 
field along the horizontal diametral line to the margin on the opposite 
side. The apparent angular field is obtained by multiplying the 
angle thus obtained by the magnification. The apparent linear field 
may be deduced by noting that the magnification is the ratio between 
the tangent of half the angles of the apparent field and the real field, 
respectively. 

Resolving power . — ^The ability of the telescope to resolve fine details 
of an object is a measure of its resolving power. To test its resolving 
power a silvered test plate, placed at a definite distance from the 
telescope (10 or more meters) and ruled with sets of equally spaced 
fine lines and intensely illuminated from the rear, is viewed by the 
telescope. In order to relieve eyestrain and to facilitate the observa- 
tions the telescope image is viewed with a low-power auxiliary tele- 
scope. The angular equivalent of the spacing between the finest 
lines, which appear as separate distinct lines under these conditions, 
is a measure of the resolving power. On a test chart of this kind ® 
small pinhole apertures are generally included as artificial stars. 
From the changes in appearance of the image of an artificial star as 
the eyepiece is racked in and out and as the telescope is rotated 
slightly so that the star appears in different parts of the field, conclu- 
sions may be drawn regarding the degree of correction of the several 
aberrations, such as spherical aberration, chromatic aberration, coma, 
astigmatism, distortion, etc.; also flare and double images. A good 


• T. T. Smith, Jour. Opt. Soc. America, II-III, 76, 1919. 



telescope should resolve without difficulty lines separated by an angle 
equal to 60 seconds of arc divided by the magnification. In many 
telescopes the resolution is 40 seconds divided by the magnification. 

Quality of image . — ^To test the optical performance of a telescope 
lens system a number of different methods are available. One of 
the simplest of these is the distant artificial star test, especially if the 
star be illuminated with different monochromatic lights. An auxil- 
iary telescope magnifying 4 or 5 diameters may be used in the tests 
to magnify the eyepiece image. The test for spherical aberration is 
to rack the eyepiece in and out and to note that m a spherically well 
corrected lens system the disk of light is circular and evenly illumi- 
nated on both sides of the image plane; if spherical aberration is pres- 
ent the center of the disk is brighter on one side of the image plane 
while the periphery is brighter on the other side. Coma is recog- 
nized by the appearance of a one-sided flare extending from the star 
image when it is placed near the margin of the field. Astigmatism 
may also affect the star image when it is placed near the margin of 
the field; if astigmatism is present, its effect is seen on racking the 
eyepiece in and out, whereby the star appears either as a short hori- 
zontal or a vertical line when the eyepiece is racked in and as a short 
vertical or horizontal line when it is racked out. In an intermediate 
position of the eyepiece the star image appears as a disk of light. 
Distortion is recognized by a change in the apparent size of the star 
image in case it is observed first in the center of the field and then 
at the margin. Distortion is more readily detected by the use of a 
distant target ruled with equally spaced coordinate lines. The lines 
near the margin of the field appear then curved ; pincushion and bar- 
rel-shaped distortion are the two types of distortion which result from 
the differences in magnification at the center and at the margin of 
the field. Lack of adequate color correction gives rise to the appear- 
ance of a colored fringe around the artificial star, the color differing 
with different positions of the eyepiece. Curvature of field is recog- 
nized by the fact that when the star is in sharp focus at the center of 
the field, it is not in focus when placed at the margin, but can be 
sharply focused by changing the position of the eyepiece. Decrease 
in definition toward the margin of the field maybe incorrectly ascribed 
to curvature of field when it is actually due to the presence of other 
aberrations, such as astignatism, coma, spherical zones, etc. 

Other methods requiring the use of distant targets are in use and 
are well adapted for inspection purposes but it would lead too far to 
describe these in detail. 

Film and Vick of ‘polish on lens surfaces . — These defects are most 
readily detected by pointing the telescope with eyepiece or objective 
toward a strong distant source of light and observing the different 
elements in the telescope not in the direct light, but with the telescope 
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ited slightly so that the lenses and prisms appear in half-shadow, 
a and poor polish then appear as a slight haze over the surfaces, 
ch with practice can be detected at a glance. During the war 
;h trouble was encountered because of the appearance of film 
lens surfaces; the source of trouble was found to be different in 
3 rent cases. In some instruments unstable glass caused the 
ible; in others the film was found to be organic in nature and 
osited from volatile matter sueh as oil, grease, poorly baked 
[uer, etc,, included in the instrument at the time of its assembly 
adjustment. The general conclusion, reached as a result of many 
arches into the causes of film, has been that only weather-resistant 
s of good quality should be used in military optical instruments 
that the most painstaking care should be taken in the assembly of 
Lcal instruments to insure cleanliness and freedom from grease 
volatile matter in the interior of telescope tubes; under no con- 
ons should the operator’s fingers touch the lenses and prisms, 
r cleaning, during their assembly into the instrument. Failure 
)bserve these simple precautions and to provide proper assembly 
ns free from dust, was the cause of many rejections of optical 
ruments, especially binoculars, during the war. 

''he light-transmission of a telescope depends on a number of 
lOrs, such as quality and kinds of glass, total glass path, number of 
icting surfaces, quality of polish of the surfaces, condition of Canada 
lam layer in cemented lenses. There are available different 
hods for measuring the light-transmission of telescopes; several 
hese were described in Chapter IV and need not be repeated here, 
y are without exception photometric in nature. The essential 
jrence between determining the light-transmission of a piece of 
s and a telescope is that in the telescope the rays follow prescribed 
tis whereas in the glass plate they may be transmitted along any 
ction. 

or the measurement of the transmission of a telescope it is 
ntial that the light rays follow a telocentric course and that the 
pupil of the telescope be imaged in the field of the photometer, 
limple attachment to the Koenig-Martens polarization photom- 
is shown in figure 71, page 214. It consists essentially of an 
romatic lens mounted in a brass cylinder which slips over the 
it tube of the polarization photometer and images the exit pupil 
mtrance pupil of the telescope in the field of the photometer. 

lens is so placed that the front aperture of the photometer 
Lcides with its rear focal plane. Either the objective or eyepiece 
of the telescope may face the photometer. The source of illumi- 
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of measurement in which the position angles of the analyzer in the 
photometer are recorded for settings with the telescope in the field 
and for settings without the telescope. The ratio of the squares of 
the tangents of the angles thus obtained is a measure of the per- 
centage light transmission of the telescope. 

A photometric bench may also be used to advantage for measuring 
the percentage light transmission of telescopes. An instrument of 
this type was manufactured during the war by Keuffel and Esser 
(Fig. 69, page 212) for the use of inspectors of optical instruments 
and proved to be satisfactory in practical work. Another type of 
bench photometer for the measurement of the light transmission of 
optical glass and of optical instruments is that described by C. V. 
Drysdale.® 


• Trans. Opt. Soc. London, p. 100, 1902; 18, 375, 1917. 




Chapter VII. 


THE OPTICAL INSTRUMENT SITUATION DURING THE 

WAR. 


In the foregoing chapters a general description is given of the 
processes of manufacture of optical glass and of the optical parts of 
lens systems. Emphasis is placed on those processes which were 
developed during the war period and proved to be suitable for use in 
an emergency. No picture is, however, given of the development of 
the optical situation, as a whole, and of the measures taken to meet 
the ever-increasing demands of the Army and Navy for military optical 
instruments. As a matter of record a brief sketch is presented in the 
present chapter of the progress made and of difficulties overcome. In 
retrospect and with the facts before us it is now a simple matter to state 
how this and that should have been done; but at the time decisions 
had to be made on the fragmentary evidence available. The records 
show, that, although there was much waste effort and confusion, the 
Army and Navy were actually supplied with most of the optical in- 
struments which they needed; also that Army and Navy at maximum 
strength in 1919 would have been adequately equipped with fire- 
control and other optical instruments. 

The development of the optical-glass situation is briefly described 
in Chapter I. Several details may be added here to illustrate the 
kinds of problems which arose and the manner in which they were 
solved. These included problems of factory organization, of factory 
operation, of the procurement and transportation of raw materials 
and of glass melting pots and of coal; also the more difficult task of 
obtaining hearty cooperation from certain manufacturers who were 
vitally interested, but who extended formal cooperation only with a 
strong undercurrent of passive resistance. Cooperation of this kind 
leads to innumerable delays and unfilled promises and must be 
treated both tactfully and firmly to accomplish the desired results. 

In the game of war-time production everything is subordinated to 
the one object of producing the desired material within a definite 
period; the military program requires munitions of many different 
kinds, and it is the task of the manufacturing forces of the country to 
furnish these on time. Everything else, including expense, is for the 
moment, subordinated to speed; as the manufacturing program 
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gatlicTH momoiitum, tho half-hearted cooperationints either 
their leHsori or they are eliminated. Under the atreaa of high- 
prodnetion suggeations and plans for incroa.sing the rate of prodi 
are made; and if, after adequate test, these prove to be 8ati8fa( 
they are introduced into the factory routine. Many of these 
gesUouH come from outside plants. 

Under the emergency conditions many manufacturers of 
visitsn are willing to exchange information on factory practice 
their peace-time competitors with the result that over the i 
country the manufacture of munitiona soon attains a state of efl 
operations. 

The procurement and the transportation of the raw materia 
optical glass required constant attention throughout the wm 
first it was necessary to locate satisfactory sources of supply for 
materials. Specifications had to be stated with reference both 
optical glass requirements and to the chemical manufacturini 
sihilitic^H. Many chemicid manufacturing plants were viaite 
members of the Geophysical Laboratory before the details of the a 
of raw materials were properly arranged. The problem of 
portation continued to be a constant source of trouble throughoi 
war period. Innumerable delays in the shipment of raw mai 
occurred; in many instances the General Munitions Board, and 
the War Industries Board and the Production Division of the 
nance Department rendered valuable service in expediting rfi 
tralhc. It is inevitable, however, that in a war-time emer 
railway tralhc is overtaxed. Under these conditions it is the di 

. 1 . f 


PRODUCTION 01* OPTICAL GLASS. 


increase in the manufacturing capacity for optical glass throughout 
the country. Early in December the Geophysical Laboratory took 
charge of the Spencer Lens plant and, as a result of hearty coopera- 
tion on the part of this firm and a modern though small plant, was 
able to produce satisfactory glass from the first melt on. Late in 
December the Geophysical Laboratory assumed practical charge of 
the Charleroi plant of the Pittsburgh Plate Glass Co. This plant 
was an old plate-glass plant in which the Pittsburgh Plate Glass Co. 
had installed 16. single-pot glass-melting furnaces of a blast-furnace 
type and had tried unsuccessfully for several years to produce a 
satisfactory product. At the time the Geophysical Laboratory arrived 
at the plant several of the problems involved to place the plant on 
a running basis were not at first apparent, especially the lack of 
temperature control in the glass -melting furnaces and the impossi- 
bility of establishing such control with the system then in operation. 
The entire battery of furnaces was supplied by air from a single low- 
pressure line fed by a blower operated on an electric circuit subject 
to rapid changes in voltage ; in this system a change in the flow of air 
in one furnace affected the rate of flow of air in the remaining furnaces, 
with the result that violent fluctuations in the temperature of each 
furnace were the rule. Good optical glass can not be made under 
these conditions. Each furnace had to be equipped with individual 
blowers and many fundamental changes effected before satisfactory 
production could be attained. This required some months for 
accomplishment and proved to be a task of considerable difficulty, 
partly because of a lack of appreciation on the part of this company 
of the significance of the factors underlying the manufacture of 
optical glass and of the fact that optical glass is not plate glass, nor 
is a plate-glass maker necessarily a competent maker of optical glass. 

In retrospect it is now evident that better progress would have been 
made, more- glass produced, and much money saved had either a new 
optical glass plant been built or, for example, the plant of the Spencer 
Lens Co. been expanded rather than the attempt made to remodel an 
old plate-glass plant. Experience proved, furthermore, that iu the 
manufacture of optical glass it is better to start with new hands than 
with plate or other glass makers, who are necessarily prejudiced and 
do not readily change their attitude of mind toward certain factory 
operations The conservatism and inflexibility of the ordinary fac- 
tory hand can be appreciated only through actual manufacturing 
experience. 

It would seem to be a wise policy ior the Government in time of 
war to concentrate its efforts on two plants for the manufacture of 
optical glass rather than on three or more. In two plants properly 
situated adequate quantities of optical glass can be nroduced to meet 



ail Iiectis* XU UUla UUUJiuouiuxij xauwc/vci, UXIU, mv/.^ vx r 

of airplane bombs and other demolition agencies should be consid- 
ered. In case an existing glass plant is offered for conversion to the 
manufacture of optical glass, its adaptability for the purpose should 
be carefully considered before the conversion is sanctioned. 

As a result chiefly of the efforts of the plants cited above, the actual 
manufacturing capacity for optical glass at the time of the signing 
of the armistice exceeded the total requirements of the Array and 
Navy planned for 1919. The quality of the glass was, moreover, 
steadily improving, and the inspection requirements were gradually 
made more exacting in order that, because of unsuitable optical glass, 
rejections in finished optics be reduced to a minimum. 

In the early months of the war the production of optical glass had 
not reached a sufficiently secure basis to permit the placing of definite 
Government contracts for optical glass. In October, however, a 
contract was made by the Army Ordnance Departrtient with the 
Bausch & Lomb Optical Co. for 3,500 pounds of different types of 
optical glass; by that time it was realized that the manufacture of 
optical glass was assured and that, although the consumption of 
optical glass by this plant itself was large, there would soon be a 
surplus of glass available for use by other optical instrument makers. 
The first deliveries on this contract were made in November, 1917. 

At the time this contract was placed there were no Government 
inspectors available for the inspection of optical glass. Accordingly 
it was necessary to ascertain first the relative usefulness of the different 
methods available for the inspection of optical glass and to devise 
new methods in case the existing methods were found to be inade- 
quate or otherwise unsuitable. A satisfactory routine for inspection 
was soon estaldished and the first shipments of optical glass were 
inspected by the writer. Army Ordnance inspectors were then 
trained to the task and later Signal Corps and Navy inspectors. 
In order to expedite production and to establish inspection on a 
firm basis both Army and Navy inspectors were kept in close touch 
with the factory operations. They inspected large quantities of glass 
in process of manufacture before it had reached the stage for final 
inspection and acceptance. Although this practice was different from 
the established Government procedure of inspecting only the finished 
articles specified in the contracts, it was found in every instance to 
be beneficial both to manufacturer and to inspector because it led 
to a clear understanding of the significance of the specifications and 
of the steps essential to meet them satisfactorily. 

In each Government contract for optical glass the tolerance limits 
for refractive index and ^'-value were made as large as possible, about 
±0.002 in refractive index, rio, for each type of glass. But in the 
early months of the war good melting pots were not available, and it 


ciimcuiii lor tue manuiacturer lo noia me melts oi a given type 
to these limits. The difficulty was overcome, in part at least, 
lipping to a given manufacturer glass so selected from the difiPer- 
melts that the range of refractive indices was within certain 
ance limits. Unfortunately this plan was not followed consist- 
'• because of lack of proper care at the Army and Navy distrib- 
j centers; as a result, many manufacturers actually did receive 
nents containing glass with much wider variations in refractive 
t than should have occurred ; much time was thereby needlessly 
in changing and adapting tools to meet the relatively large 
nations in refractive index. This situation arose because of a 
of appreciation on the part of certain Army and Navy officials 
le optical. glass requirements. The same''lack of optical sense 
ne zealous officer to enter a glass plant before adequate inspection 
been installed, and to order that a ton of glass, which had not 
properly inspected, be sent to a manufacturer who was much in 
of optical glass. The manufacturer in turn failed to inspect the 
5S before putting them into work with the final result that several 
sand otherwise high-grade prisms had to be rejected because of 
y glass. This case is cited because it shows that the officer’s 
in, commendable as it may have been in some respects, led only 
isaster and waste of effort because the material with which he 
to deal was optical glass and not simply glass or copper or zinc 
ffiich his order might have been justified, 
ar-time experience proved the need and value of trained personnel 
[•ganize and coordinate scientific and technical work; it proved, 
utility, as in the above case, of assigning any man or officer to a 
nical task for which he has no background of experience at least 
y similar lines. It demonstrated the necessity of centralizing 
ng.a competent few the task of handling the many factors which 
I in connection with a technical matter such as optical glass and 
jal instruments. The records show that this plan was finally 
>ted with the result that in the latter part of 1918 the optical 
I situation was well coordinated and well in hand. 

)0 strong emphasis can not be placed on the need for properly 
led personnel to handle technical problems of this nature. In the 
analysis personnel is the prime factor involved, and the nation 
h, during peace times, properly organizes and coordinates its 
itific and technical forces so that they can be called upon in an 
[•gency, has an imiiiense advantage over a nation whose Army 
Navy are out of touch with these forces. Proper cooperation 
reen the civilian and military elements is essential in peace times 
lere is to be an effective working together during war times, 
ore to e,ppreciate this fact before the war cost this country much 
ug the war and after. In highly technical lines, especially those 


special skill and experience are necetwary, civilian experts are 
commonly in close touch with the details and are in a position to 
give good advice and aid. One of the chief diflicultica enoomitered 
in the optical instrument situation during the war wa» the remedying 
of errors made by ofRciak and officers who had been detailed to the 
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lack of preparation and adequate trwning; but the cost of so doing 
and of learning by experience was ©xoessiviy high. 









Early in 1918 the requests for optical glass became so insistent 
from so many manufacturers that in March, 1918, a special section, 
called the military optical glass and instrument section, was created 
by the War Industries Board to handle the situation. Mr. George E. 
ChatiUon, of New York, was appointed chairman of the section; 
Commander W. R. Van Auken and, later, Commander H. A. Orr, 
Navy representative, and the writer. Army representative. It soon 
became necessary, because of the very large demands of the Army 
and Navy for optical instruments for this section to take complete 
charge of the industry and, by a system of permissions, to supervise 
the entire output of aU manufacturers of optical glass and of optical 
instruments. 

Commercial orders were restricted to absolute necessities; requests 
for priority were passed upon. The optical glass, as produced, was 
controlled and distributed by this section to the several Governments 
departments and to manufacturers having direct Government orders. 
It was through this absolute control of the optical glass output that 
the entire optical industry could be so easily and effectively controlled. 

Responsibility for the manufacture of the required quantities of 
optical glass was placed by the military optical glass and instrument 
section with the Director of the Geophysical Laboratory. Statistical 
reports were prepared weekly at the different plants showing the 
amounts of different types of optical glass ready for final iuspection. 

The requirements of the Army and Navy for optical instruments 
were carefully tabulated and their relative needs for optical glass 
were thereby ascertained. Allocations of optical glass were made with 
reference to these needs. This mode of operation of the section 
proved successful in every respect. The manufacturers, realizing the 
necessity for centralized control, entered into the plan whole-heartedly, 
accepted the rulings and requests of the section, and observed them 
conscientiously. The chief function of the W ar Industries Board was 
not to restrict industry but to direct it most effectively to work on 
munitions. How this was done is a famihar story in many other 
lines of industry and need not be repeated here. 

Both the Ar my and Navy placed orders for optical instruments 
during the early months of the war, at a time before intimate contact 
with the armies in Europe had been established. With one or two 
exceptions these orders were placed with optical-instrument makers 
of established reputation who were in a position to produce the 
articles ordered, providing the necessary optical glass were made 
available. The orders, moreover, were for certain s’ mdard instru- 
ments, such as range finders, aiming circles, battery-commander tele- 
scopes, naval gun sights, field glasses, camera lenses, etc. These 
orders effectively covered the entire manufacturing capacity in this 
country for 1917 and for part of 1918. The policy of placing orders 
with firms of recognized standing and, in case an inexperienced firm 
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solicited a contract, of awarding a part only of the required number 
to the new firm and the remainder to an old firm, proved to be a wise 
policy. The old firms proceeded to fill the contracts and in time 
delivered the instruments; many of the new firms required assistance, 
and in this connection the War Industries Board aided materially. 

By the end of 1917 requests for many new types of instruments, 
which the European armies had found useful in the field, began 
to flow in from the American Expeditionary Forces; the optical 
industry was then confronted with the situation that its available 
capacity had already been bespoken for some months to come. The 
result was an energetic appeal from the several departments of the 
Army and Navy to each manufacturer to accept more orders, each 
department considering only its own needs. Careful search was 
made for manufacturers who might be persuaded to undertake optical 
work. By February, 1918, the general confusion which existed 
because of the many diverse, noncoordin'ated agencies at work led 
to the realiztion of the need for centralized control and in a short 
time furnished additional reasons fot the formation of an optical 
section on the War Industries Board. Much credit is due Mr. 
Chatillon, chairman of this section, for his effective treatment of the 
situation and the organization and coordination of the many factors 
involved. 

In April, 1918, an army commodity committee on optical glass 
and optical instruments was formed with the Army representative 
on the optical section of the War Industries Board as chairman, for 
the purpose of coordinating the Army needs for optical instruments. 
This committee functioned under the Director of Purchases and Sup- 
plies. It held monthly meetings and served to bring together the 
Army oflPlcers directly concerned with optical munitions. One of 
the results of the efforts of the/ Director of Purchases and Supplies 
was the consolidation, in the Ordnance Department, of the procure- 
ment of all optical munitions/ for the Army with the exception of a 
few special instruments. Strenuous objection to the consolidation 
was made at first by certain Army departments on the plea that 
special knowledge was required to purchase the optical instruments 
required by them; but the results of this consolidation proved that 
the fears thus expressed were groundless, partly because the officer, 
Lieut. M. P. Anderson, in the Ordnance Department, directly respon- 
sible for the procurement of optical munitions, was thoroughly 
trained to the task and was experienced in optical matters. 

From April to August, 1918, an earnest effort was made by the 
War Industries Board, the Army, and the Navy to interest manu- 
facturers who might undertake the production of optical munitions. 
The result was that many firms, who had never done work of this 
kind, patriotically accepted contracts for instruments or optical or 
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mechanical parts, and at the time of the signing of the armistice 
were beginning to produce satisfactorily. In general the policy was 
followed to let contracts for instruments of high precision to expe- 
rienced firms and to reserve the simple types of instruments for the 
less experienced makers. 

As a further incentive to expedite production, the Ordnance 
Department established a training school for lens and prism oper- 
atives at Rochester, N. Y. It was felt that, were the opportunity 
offered, many young women might engage to do work of this kind 
during the war jieriod. At the Rochester school a number of oper- 
atives were thus trained, but the results were not altogether satisfac- 
tory, chiefly because of a lack of real interest and support on the 
part of the large optical manufacturers in Rochester. A school of 
this nature to be successful requires the enthusiasm and interest of 
good teachers, and these evidently could not be spared by the manu- 
facturers. 

A second, more sueccssful school was established at Pasadena, 
Calif., for the training of expert grinders and polishers for precision 
optics, chiefly roof-angle prisms. This school was operated in con- 
nection with the optical shop of the Mount Wilson Observatory of 
the Carnegie Institution of Wosliington. Credit is due to Mr. G. W. 
Ritchey for his efficient operation of this school and shop. 

The optical industry during the war proved equal to the emergency 
and in November, 1918, was rapidly approaching the peak value of 
deliveries. Proiluclion and deliveries were proceeding on an immense 
scale. By this time the industry had been well organized and coor- 
dinated. New atldilions had been made to old factories, new factories 
had be(‘n erected and a manufacturing capacity for optical instruments 
ade(iuttte to supply the needs of both the Army and Navy for 1919 
was available. This condition had been practically attained by 
Septemb(‘r, 1918, ho that the o|)tical section of the War Industries 
Board was able to devote part of its time to the question of design of 
optical instruments with a view toward simplification and standardi- 
zation. Many of the instruments in course of manufacture were 
direct copies (»f European instruments, and manufacturers com- 
plained beeause the ilesigns had not been made with reference to 
American methods of quantity production. In many instruments a 
great saving both in time and expense could have been effected by 
appropriate changes in design without affecting in the least the field 
performance of (he inslrument; but to accomplish this properly 
requires time and much eonsultation. Under the circumstances, it was 
decided best to go ahead with the production of usable designs, even 
if they were direct copies of European instruments and thus to insure, 
the desired output. Ah soon as adequate production had been estab- 



lishcd, steps could be, and actually were, taken to improve and to 
standardize the designs of many of the instruments. 

With the signing of the armistice the need for further production 
ceased. Many contracts were canceled outright and appropriate 
settlements were made; other contracts were canceled in part, and 
still others were allowed to continue to completion. Manufacturers, 
who had engaged in optical work as a patriotic duty only, returned 
to their normal peace-time activities, The optical instrument manu- 
facturers themselves were soon deluged with commercial orders, 
because of the release of all restrictions and control of the industry 
by the War Industries Board on November 16, 1918. Thus the transi- 
tion from war-time to peace-time activities was begun. 

After the Civil War there was no corresponding adjustment of the 
optical industry. The total value of orders for optical apparatus dur- 
ing the Civil War was almost negligible. During the recent war, the 
total value of Army and Navy orders fo^' optical munitions was over 
$66,000,000, of which about $60,000,000 was for the Army. What it 
may be in another war a century, or even some decades hence, no one 
can tell; but, if the lessons of the recent war have not been entirely 
forgotten this country will be in a better position to produce the neces- 
sary optical munitions than it was in April, 1917. The purpose of the 
present report will have been accomplished if a small part of the 
experience gained in tlio recent war in the production of fire-control 
and other optical apparatus is not entirely lost, but is available for use 
in an emergency. 

In the manufacture of optical glass it was fortunate for this country 
that war was not declared in the first decade of this century rather 
than in the second. In 1906 little was known of the chemistry of 
silicates at high temperatures and there was then no adequate per- 
sonnel available for the task. The records show that during the recent 
war wo received no assistance, eitlier direct or indirect, from other 
countries in the solution of the problems of optical gloss manufacture. 
The details of optical gloss manufacture were held secret in all 
European countries and were not to be divulged, oven under the 
stress (d war-time needs. Fortunately, it proved possible for us to 
make good o|)tical glass without the knowledge of these secrets, 
which, in point of fact, may prove to be double-edged and serve to 
impede progress and to be on actual hinderance rather than an aid 
to a manufacturer if he holds them in too high esteem. This 
would no doubt have been equally true in 1906. Although large 
quantities of optical glass are not needed, optical gloss is an essential 
part of all instruraente of observation. The optical glass industry is, 
thertdore, a singularly important key industry, the control of which 

means control over a whole series of induatri^ and of research and 

technical laboratories and institutions. It was probably for this 




manufacture from other countries. 

It was fortunate for us that before this country entered the war 
certain manufacturers had realized the need for optical glass and had 
erected optical glass plants of satisfactory design. They had, more- 
over, produced some optical glass of fair quality and had accumu- 
lated a good foundation of experience on which it was possible to build. 
This would not have been the case in 1905. It was also fortunate that 
there existed at the beginning of the war a scientific research labora- 
tory with a personnel experienced, not in the manufacture of optical 
glass, but in the fundamental principles underlying its manufacture. 
The resources of this laboratory were offered to the Government in 
the emergency; the offer was accepted and the problem of optical- 
glass manufacture was attacked as would any similar research 
problem have been attacked. The research investigator is constantly 
facing new and unexpected problems in his own work, and, as a result, 
develops resourcefulness and adaptability as well as the faculty of 
proceeding directly to the essentials of a problem. Shortly after the 
work was entered upon the more important defects of the existing 
practice were discerned by the scientists and appropriate remedies 
were devised to overcome them. 

It is only just to admit that in addition to the many other elements 
essential for the production of optical glass in this country we were 
favored by good fortune and made the best of it. If a future emer- 
gency should arise it can hardly be expected that a laboratory of 
similar experience will be available or that the manufacturers will 
have builded so wisely beforehand. It is therefore a wise policy for 
the Government to encourage the manufacture of optical glass in 
this country by placing orders, during peace times, for optical glass 
with the manufacturers, thereby building up a reserve stock of good 
glass against a possible emergency. This policy is being followed 
by certain ether countries. In the case of optical instruments similar 
arguments are valid; but the fact that new instruments are being 
devised constantly makes it inadvisable to store large stocks of these 
instruments. The maintenance of optical repair and manufacturing 
plants by the Army and Navy is a wise provision, because these 
function primarily as training schools for personnel against the 
hour of need. 

In view of the highly technical nature of optical instruments both 
in design, production, and repair it is desirable that a single optical 
plant with competent personnel serve the entire Army. It is not 
feasible and would be unwise for the different departments of the 
Army each to maintain separate optical shops or even separate sec- 
tions for the design only of optical instruments. The argument has 
been advanced that in any given branch of the service only the 
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members of that service have adequate knowledge of the field con- 
ditions under which it operates and that, therefore, they alone are 
competent to design the apparatus needed. This is, no doubt, true 
for much of the material required, but in the case of optical instru- 
ments special conditions exist' which render this plan unworkable. 
Optical engineers of experience are scarce and unwilling to spend their 
entire time on the few problems offered by any single branch of the 
service. The particular problems, moreover, which any Army 
department considers peculiar to itself have much in common with 
those of other departments; and for each department to maintain a 
separate section for the design of optical instruments would mean 
serious and inefficient duplication of work with consequent waste of 
time and of public money. 

The fact that both in war time and in peace time the Ordnance 
Department is responsible for the bulk of the Army optical work 
and has built up a satisfactory optical shop at Frankford Arsenal 
with competent personnel indicates that all Army optical work 
should be done there; also that Frankford Arsenal should be 
made responsible for the design and production of all experi- 
mental optical instruments suggested to meet any new conditions 
which may arise. The special knowledge of the conditions under 
which the proposed new instrument is to function can be given 
by officers or civilians of the special branch of the service which 
is to use the instrument; but the design of the instrument to sat- 
isfy these conditions and to be at the same time a manufacturing 
possibility should be made at Frankford Arsenal as the logical optical 
organization within the Army. It is imperative that the Army and the 
Navy each maintain an optical plant not only for the design and test, 
production, and repair of military instruments, biit also for the training 
of personnel along these lines. It is for this reason especially that no 
other department of the Government^ can function satisfactorily for 
the Army and Navy in this respect, and that the Army and Navy 
optical shops can not well be consolidated into one large shop. 

War Department, 

Office of the Chief of Ordnance, 

Washington, May, 19il. 

Form No. 2037. 

Ed. Mar. 17-21-900. 
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